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Summary 
Cucumber mosaic virus (CMV) infects over a thousand plant species including 

many crops. CMV is mainly transmitted between plants by aphids, insects with 

probing mouthparts that introduce virus particles directly into host cells. The 2b viral 

suppressor of RNA silencing (VSR) encoded by CMV is a potent counterdefence 

and pathogenicity factor that inhibits antiviral silencing by titration of short double-

stranded RNAs. The 2b VSR not only influences infection, but also host interactions 

with one of the main insect vectors of CMV, the generalist aphid Myzus persicae. 

The 2b protein disrupts microRNA-mediated regulation of host gene expression by 

binding ARGONAUTE 1 (AGO1). In Arabidopsis, complete inhibition of AGO1 

activity is counterproductive to CMV since this triggers antibiosis against aphids and 

stimulates resistance mechanisms by AGO2. The CMV 1a protein (a replicase 

component) is able to moderate antibiosis induction by the 2b VSR. This ensures 

that aphid vectors are deterred from feeding but not poisoned when they feed on 

CMV-infected Arabidopsis plants. 

 

I found that the CMV 1a protein is able to directly inhibit the 2b-AGO1 interaction. 

By binding 2b protein molecules and sequestering them in processing-bodies, the 

1a protein decreases the proportion of 2b protein molecules available for binding 

AGO1. This ameliorates 2b-induced viral symptoms and moderates the induction of 

aphid resistance. However, the 1a-2b protein interaction does not inhibit the VSR 

activity of the 2b protein. The interaction between the CMV 1a and 2b proteins 

represents a novel viral regulatory system for VSRs. The finding also provides a 

mechanism that may explain how CMV, and possibly other viruses, modulate 

symptom induction and manipulate host-vector interactions. 
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Chapter. 1 General Introduction  
 

1.1 Background 
 

Plant viruses are agriculturally and economically important pathogens since they 

decrease crop yield and quality (Loebenstein, 2009). The use of intensive 

monoculture-based agriculture combined with warmer temperatures (allowing 

insects vectors to spread), has increased the impact viruses have on agriculture 

(Elad and Pertot, 2014; Fereres and Raccah 2015). This problem is likely to 

increase as viruses are responsible for causing approximately half of all emerging 

crop diseases worldwide (Anderson et al., 2004; Scholthof et al., 2011). The global 

population is expected to increase by 2.3 billion people by 2050, and will require 

agricultural production to increase significantly (Fess et al., 2011). Thus, research 

in plant viruses is crucial for protecting food security.  

 

Recent work suggests that viruses are able to alter the physiological characteristics 

of their host plant which influence the behaviour and performance of insect vectors 

(Groen et al., 2016; Westwood et al., 2013b; Yang et al., 2008). Viruses must 

replicate efficiently to generate inoculum for further transmission, while also 

avoiding triggering the host immune system or causing excessive damage to the 

host. Viral genomes are small and, consequently, viral proteins often have multiple 

functions. Studying the interactions between viral and host factors may aid efforts 

to engineer or breed virus resistant crops, as well as providing a useful tool to study 

pathogen-host interactions at the fundamental level (Culver and Padmanabhan, 

2007).  

 

In this study, I used the model system of cucumber mosaic virus (CMV), the peach-

potato aphid (Myzus persicae) and the model plant Arabidopsis thaliana to 

investigate how the interactions between viral proteins and host factors are able to 

alter the host defence response in order to promote virus transmission by aphids. 
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1.2 Cucumber mosaic virus 
 

Cucumber mosaic virus is the type species of the genus Cucumovirus in the family 

Bromoviridae (Palukaitis and García-Arenal, 2003). Other virus species belonging 

to the Cucumovirus genus include Tomato aspermy virus and Peanut stunt virus. 

CMV has one of the broadest host ranges of all plant viruses and can infect more 

than 1200 species (Carrère et al., 1999; Yoon et al., 2019). This host range includes 

many important agricultural crops including beans (broad, lima, snap), cucurbits 

(cucumber, melon, pumpkin, summer and winter squash, watermelon), pepper, 

potato and tomato (Palukaitis and García-Arenal, 2019). CMV is globally distributed 

and is considered an important disease in temperate, tropic and subtropical regions 

(Palukaitis and García-Arenal, 2003). Due to its large host range and economic 

importance, CMV has received considerable research attention over several 

decades. Many molecular techniques can be used to determine components of viral 

pathogenesis. Reverse genetic studies, where the pathogen is genetically modified 

(for example by site directed mutagenesis), can be used to identify how viral gene 

products contribute to pathogenicity, the ability to replicate, or infect specific hosts. 

 

The CMV genome comprises three positive-sense RNAs (Peden and Symons, 

1973). Due to this segmented CMV genome it is possible to create reassortant (also 

called pseudorecombinant) viruses, comprised of genomic RNAs from different 

strains. The mixing of genomic RNA molecules can also naturally occur and is 

thought to have contributed to the evolution of CMV (Lin et al., 2004). A crucial step 

in CMV research was the reverse transcription and complementary DNA (cDNA) 

cloning of the full-length CMV RNAs (Rizzo and Palukaitis, 1990). Viral cDNA clones 

are easily propagated in plasmid vectors and can be genetically modified easily to 

produce chimeric viruses and introduce point mutations in order to map virus 

function to specific genetic elements (reviewed by Jacquemond, 2012). Infectious 

mixtures of virus RNAs can be reconstituted using in vitro-synthesised transcripts 

from viral cDNA clones or by launching infection in planta by agroinfection (Hayes 

and Buck, 1990; Palukaitis and García-Arenal, 2019). 
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1.2.1 CMV genome organisation and replication 

 

The current genetic map of CMV (Fig. 1.1) incorporates the information derived from 

the studies on translation, sequence and mutational analysis and biochemical 

analysis of the viral proteins. The CMV genome is split over three RNAs designated 

1, 2, and 3, and contains five genes (1a, 2a, 2b, 3a and 3b). Each of these three 

positive sense RNA molecules possess 7-methyl-guanosine cap structures at their 

5’ termini and tRNA-like structures at their 3’ termini (Jacquemond, 2012). RNA 1 is 

monocistronic and acts as the mRNA for the 1a protein (Palukaitis and Garcia-

Arenal, 2003). RNA 2 encodes the 2a and 2b proteins, the 2b open reading frame 

(ORF) overlaps the C-terminal coding region of the 2a ORF but in a different reading 

frame (Ding et al., 1994). RNA 3 encodes the 3a movement protein (MP), while the 

3’-proximal ORF for the 3b coat protein (CP) is produced by translation of the RNA 

3 derived subgenomic RNA 4. Each genomic RNA is encapsidated in a separate T 

= 3 icosahedral particle (Palukaitis and García-Arenal, 2003). Cucumoviral particles 

are 29 nm in diameter, and made up of 180 CP subunits and have an RNA content 

of about 18 % (Habili and Francki, 1974a, b). The sizes of these genomic RNAs vary 

slightly depending on the CMV isolate, although the overall genome organisation is 

identical (Balaji et al., 2008; Roossinck, 2002).  

 

Upon entry of the host cell from an aphid vector, from a neighbouring cell via 

plasmodesmata, or experimentally by inoculation, virus particles are uncoated. Viral 

genomic RNAs are released into the cytoplasm where they are translated for 

production of viral proteins. RNA 1 and RNA 2 are directly transcribed to produce 

the 1a and 2a protein, respectively, which initiate formation of the replication 

complex in association with host proteins.  

 

Progeny + strand (sub)genomic, and messenger RNAs are formed via 

complementary and double- stranded RNA intermediates. These (+) strands have 

several functions: mRNA for translation, template for further transcription, and 

production of virions. In Cowpea protoplasts infected with CMV CP can be detected 

15 hours after infection (Gonda & Symons, 1979). In the case of CMV, (−) strand 

accumulation reaches a plateau soon after infection, while (+) strand accumulation 
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continues to increase and can reach a level nearly 100-fold that of (−) strands (Seo 

et al., 2009).  It was demonstrated that, while both proteins 1a and 2a are required 

for synthesis of the (−) strand, protein 2a alone can produce (+) strands from a (−) 

template of either the genomic or the subgenomic RNAs (Seo et al., 2009). This 

possibility could account not only for the presence of free protein 2a in the cytoplasm 

but also for the higher proportion of (+) strands in infected cells. 

 

Table 1.0. Role of CMV proteins during infection. 
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1.2.2 Classification of CMV subgroups  

 

Initially, CMV strains were classified into two Subgroups, Subgroup I and Subgroup 

II, according to serological data, peptide mapping of the CP and nucleic acid 

hybridisation (Kaplan et al., 1997; Owen and Palukaitis, 1988; Roossinck, 2002). 

CMV strains have since been further divided into three Subgroups IA, IB, and II 

based upon comparisons of the 5’-untranslated regions (Balaji et al., 2008; Owen 

et al., 1990; Roossinck et al., 1999). The Fny strain of CMV used in this study is 

classified into Subgroup IA (Rizzo and Palukaitis, 1988). 

 
Figure 1.1. Genome organisation of CMV. 

The genome consists of three RNAs designated RNA 1, 2 and 3. Five genes 

designated 1a, 2a, 2b, 3a and 3b encode corresponding proteins. RNA 1 encodes 

the 1a protein. RNA 2 encodes the 2a and 2b proteins. The 2b protein is translated 

from a subgenomic RNA designated RNA 4A. RNA 3 encodes the 3a protein and 

the 3b coat protein (CP). The CP is translated from the subgenomic RNA 4 (Figure 

courtesy of J. Carr). 
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1.2.3 CMV gene products  
 

1.2.3.1 The 1a protein 
 

CMV RNA 1 encodes the 1a protein, which has a mass of 111 kDa. The 1a protein 

has two functional domains based on sequence similarity to other viruses: a 

methyltransferase domain at the N-terminus and helicase domain at the C-terminal 

which displays RNA-binding and ATPase activity (Gal-On et al., 1994; Palukaitis 

and García-Arenal, 2003). Helicases are enzymes that bind and may even remodel 

nucleic acid or nucleic acid protein complexes. The 1a protein helicase domain is 

likely important in “unwinding” the double stranded RNA that develops during viral 

replication. The 1a protein interacts with the 2a protein through the helicase domain 

in the yeast-two hybrid system (O’Reilly et al., 1998). Deletion of the helicase 

domain or fusion of a protein to the helicase domain prevents virus replication, 

suggesting that this domain is important in replicase formation. This demonstrates 

that the C-terminal region of the helicase domain is responsible for systemic 

infection by controlling virus replication and cell-to-cell movement. This region 

contains a putative hinge, based on comparison to the orthologous BMV 1a protein, 

between the methyltransferase and helicase domains (O’Reilly et al., 1998). Protein 

methylation in an important posttranslational modification involved in regulating 

protein-protein interactions, and can influence a number of effects during cellular 

events. Mutations affecting the amino acid composition of the methyltransferase 

domain of the 1a protein disrupt capping activities and virus replication, whereas 

single amino acid substitutions at the N- and C-terminal regions around the 

methyltransferase domain do not appear to affect virus replication and systemic 

virus spread (Seo et al., 2009). The N-terminal region of the hinge located between 

the methyltransferase and helicase domains of the 1a protein appears to self-

interact to form homodimers in a yeast two-hybrid system (O’Reilly et al., 1998). 

Changes in the degree of self-interaction or conformational modification of the 

homodimer structure of the 1a protein has been shown to be associated with the 

induction of necrotic cell death in Arabidopsis leaves in response to  the CMV(Y) 

strain carrying single amino acid substitutions around the methyltransferase domain 

(Tian et al., 2020). The N-terminal region of the 1a protein (amino acids 1-533) can 
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interact with itself (O’Reilly et al., 1998). It was shown that the C-terminal region 

(amino acids 584-933) interacts with the 2a protein (O’Reilly et al., 1998). The 1a 

protein is a component of the viral replicase complex together with the 2a protein 

and additional host factors (Hayes and Buck, 1990). Besides its role in replication, 

it is also involved in the systemic movement of CMV (Canto and Palukaitis, 2001; 

Gal-On et al., 1994), and has a number of effects in virus-host interactions 

(discussed further in Section 1.6 Plant immunity triggered by CMV). 

 

As is common for other plus-strand RNA viruses, CMV RNA replication occurs in 

close association with intracellular membranes (den Boon and Ahlquist, 2010; 

Jaspars et al., 1986; Nagy et al., 2016). Previous studies have determined the 

localisation of the 1a protein to associate with vacuolar membranes in tobacco 

(Nicotiana tabacum) and cucumber (Cucumis sativus) (Cillo et al., 2002). It is 

thought that the 1a protein acts as an anchor in order to recruit the 2a protein, and 

additional host factors, to the replicase complex (Cillo et al., 2002; Gal-On et al., 

1994). 

 

Several host factors that interact with the 1a protein have been identified. In 

Arabidopsis, two tonoplast intrinsic proteins (TIP1 and TIP2) were confirmed to 

interact with the 1a protein (Kim et al., 2006a). It was hypothesised that TIP1 and 

TIP2 are involved in facilitating the interaction of 1a protein with intracellular 

membranes. Using co-immunoprecipitation and liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) assays it was shown that the Nicotiana 

benthamiana scaffolding protein bromodomain-containing RNAbinding protein 1 

(BRP1) interacted with the 1a protein (Chaturvedi et al., 2016). When mutant 

Arabidopsis brp1 plants were infected with CMV the replication efficiency was 

reduced, but not completely abolished. In the same study it was shown that a 

cytosolic variant of glyceraldehyde 3-phosphate dehydrogenase (GapC2) was 

essential for CMV replication. It was hypothesised that BRP1 assists in stabilizing 

the CMV replication complex while GapC2 is required for interaction of the 1a and 

2a proteins. In tobacco, a methyltransferase and a kinase, named Tcoi1 and Tcoi2, 

respectively, were shown to bind to the methyltransferase domain of the 1a protein 

(Kim et al., 2006b, 2008). It was suggested that Tcoi1 facilitates virus replication 

and movement. Although the exact significance of the Tcoi1-CMV 1a interaction 
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and the methylation of sites of the 1a protein is unclear was not identified in this 

study (Kim et al., 2008). Taken together, CMV infection induced increased 

expression of the Tcoi1 gene. This suggests that Tcoi1 may be involved in 

modulating the replication and or spread of the virus, although it remains to be 

determined if it is thought its capacity to methylate the 1a protein. Modification of 1a 

protein activity, via post translational modifications, is likely to affect the interaction 

with other viral proteins such as the 2a or 1a protein, as well as other host proteins. 

It was shown that the 1a protein interacts with the N. tabacum thaumatin-like protein 

1 (NtTLP1) (Kim et al., 2005). In CMV-infected tobacco the expression of NtTLP is 

increased, although the role of NtTLP in the tobacco-CMV interaction is not known. 

Interestingly, NtTLP interacts with the CMV MP and CP, suggesting it may play 

several roles in CMV replication and movement. 

 

 

1.2.3.2 The 2a protein 
 

RNA 2 encodes the 2a protein (97 kDa), which is an RNA-dependent RNA 

polymerase (RdRp) for genome replication and subgenomic RNA transcription 

(Palukaitis and García-Arenal, 2003). The RdRp activity is dependent on the GDD 

(gly-asp-asp) motif, which is highly conserved amoung RNA viruses. The 2a protein 

is a component of the CMV replicase (Mine and Okuno, 2012). A compatible 

interaction between the 1a and 2a proteins is essential for RNA replication in vivo. 

The N-terminal 126 amino acids of the 2a protein are required for the interaction 

between the 1a and the 2a proteins, in vitro as well as in vivo (Kim et al., 2002). 

Phosphorylation of the N-terminal domain prevents the 2a protein from associating 

with the 1a protein (Kim et al., 2002).  

 

The 2a protein occurs in cytoplasmic and membrane-associated cellular fractions 

(Gal-On et al., 2000). It has been shown that a tobacco homologue of the CBL-

interacting protein kinase 12 is involved in phosphorylation of the N-terminal domain 

of the 2a protein (Kang et al., 2012). It is thought that phosphorylation of the 2a 

protein has a regulatory role in limiting replicase formation so that the 2a protein 

can fulfil additional roles in the cytoplasm (Kim et al., 2002). The 2a protein also 
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interacts with the MP (Hwang et al., 2005), with the N-terminal 21 amino acids and 

the region surrounding the GDD motif of the 2a required for this interaction (Hwang 

et al., 2007).  

 

 

1.2.3.3 The 2b protein 
 

The 2b protein is encoded by the 3’ proximal ORF of RNA 2. This overlaps the 3’ 

portion of the 2a ORF (Fig. 1.1). The 2b protein is the smallest protein of CMV with 

a predicted mass of 12-13 kDa but it can migrate with an apparent mass of c. 17 

kDa during sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) (Mayers et al., 2000). It was first described as a pathogenicity determinant 

by Ding et al. (1994, 1996). The 2b protein was one of the first viral suppressors of 

RNA silencing (VSR) to be discovered and since then studies have implicated the 

2b protein in almost all steps of the viral infection cycle including symptom induction 

(Lewsey et al., 2009), virus movement (Palukaitis and García-Arenal, 2003), and 

interference with the host’s salicylic acid (SA)- and jasmonic acid (JA)-mediated 

defence mechanisms (Ji and Ding, 2001; Lewsey et al., 2010) (Fig 1.2). 

 

The amino acid sequences of 2b proteins from different CMV strains have high 

conservation of sequence identity within Subgroups but distinct differences in amino 

acid sequence between Subgroups I and II (Lucy et al., 2000; Mayers et al., 2000). 

The intracellular localisation of the 2b protein has been well studied but there are 

differences in localisation between 2b proteins of Subgroup I and II stains (Du et al., 

2014a; Lucy et al., 2000). Subgroup I and II CMV 2b proteins accumulate in the 

nucleus but for Subgroup I strains there is also an association with the nucleolus, 

cytoplasm and cytoskeleton (Du et al., 2014a; González et al., 2010; Mayers et al., 

2000). 



Chapter 1. General Introduction 

  10 

 
 
 
 
 
 
 
 
 
 



Chapter 1. General Introduction 

  11 

Figure 1.2. The CMV 2b protein is a multifunctional protein with roles in 

counterdefence and the elicitation of host defences. 

The amino acid residue numbering is based on the 2b protein of the Subgroup IA 

Fny strain of CMV (110 amino acids). Domains and residues with known biological 

activities are listed at the left of the figure. Positions of nuclear localisation 

sequences (NLS) 1 and 2 and the N- and C-terminal domains are indicated, and the 

double-headed arrow indicates the region of the 2b protein though to be involved in 

binding to Argonaute (AGO) proteins. Single-letter codes for amino acids are used 

to indicate conserved functional amino acid sequence. Functional domains are 

indicated with shaded boxes; two of these (the N-terminal MEL sequence and the 

sequence RHV at residues 70-72) are indicated with light shading. These 

sequences are distinguished since they affect CMV movement dynamics without 

affecting RNA silencing suppression. *KSPSE is a putative phosphorylation domain. 

Deletion of the entire domain abolishes silencing suppression, indicative of the 

regulatory role. Residue 55 is essential for the self-interaction of 2b and indirectly 

affects RNA silencing suppression, since monomeric 2b proteins are inefficient 

suppressor the RNA silencing. Figure adapted from Carr and Murphy 2019. 
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1.2.3.4 The movement protein 
 

The MP is encoded by RNA 3 and is required for cell-to-cell and systemic movement 

(Boccard and Baulcombe, 1993; Canto et al., 1997; Lucas, 1995). The MP localises 

to plasmosdesmata between infected cells (Vaquero et al., 1996), as well as to 

larger aggregates inside sieve elements (Blackman et al., 1997). The MP can bind 

single stranded RNA (ssRNA) and a putative RNA binding domain has been 

described (Li and Palukaitis, 1996; Vaquero et al., 1997). The MP binds to viral 

RNA, forming a ribonucleoprotein complex. The MP complex is able to interact with 

host plasmodesmal proteins, increasing plasmodesmal size exclusion limits, 

allowing the ribonucleoprotein complex through into the neighbouring cell where 

viral RNA is unloaded (Vaquero et al., 1994). 

 

 A role for the MP in subverting plant immunity was recently described by Kong et 

al. (2018). Tobacco plants transiently expressing MP were compromised in reactive 

oxygen species (ROS) production when various defence elicitor compounds were 

applied. In the same paper transgenic Arabidopsis plants expressing the MP 

displayed multiple defects in their PAMP-triggered immunity (PTI) response (Kong 

et al., 2018). 

 

 

1.2.3.5 The coat protein  
 

The CP is required for the formation of virus particles, but is also required for cell-

to-cell movement, systemic movement and plant-to-plant transmission by aphids 

(Boccard and Baulcombe, 1993; Canto et al., 1997; Chen and Francki, 1990). For 

many viruses, including cucumoviruses, the CP is the sole determinant of virion 

binding to insect mouthparts (Perry et al., 1994; Perry et al., 1998; Liu et al., 2002). 

Specific amino acid sequences in the CP have been identified as influencing the 

efficiency of transmission by M. persicae and Aphis gossypii (Perry et al., 1994; 

Perry et al., 1998). 
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1.3 CMV transmission by aphid vectors 
 

The success of insect-borne pathogen dispersal relies on the frequency of contact 

between their primary hosts and insect vectors. Important factors determining the 

frequency of contact between host and vector is the survival and reproductive 

success of both. Since infection of new hosts is imperative for the continuation of 

pathogen populations, natural selection may be expected to favour pathogen genes 

that promote insect vector - and potentially host - survival and reproduction, that 

promote attraction of insect vectors to infected hosts, or that modify host suitability 

to facilitate pathogen uptake by insects. 

 

Aphids are the most prevalent insect vectors of plant viruses, and are responsible 

for transmission of c. 50% of these viruses (Brault et al., 2010). Aphids are 

particularly adapted to transmit viruses due to their unique probing behaviour. (Ng 

and Perry, 2004). In addition, a high reproductive rate, ability to reproduce asexually 

and broad host range makes aphids efficient at vectoring plant viruses (Ng and 

Perry, 2004).  

 

Aphids vector viruses through two main modes of transmission, depending on 

whether the viron is ingested (circulative transmission) or not internalised (non-

circulative transmission) by the aphid. In the circulative mode, the virus is taken up 

through the gut wall and is transported to the salivary glands via the haemolymph 

(Ng and Perry, 2004). The virus is then exported from the salivary glands during 

feeding, where it can infect a new host. The non-circulative pathway is a more 

transient association, in which viral particles are confined to the aphid’s stylet 

(Drucker and Then, 2015). 

 

Aphids of over 80 species vector CMV in the non-persistent manner, i.e. virions bind 

receptors within the aphid stylet and are acquired and lost rapidly during short 

probes of plant epidermal cells and the virus is not internalised (Hull, 2009; Krenz 

et al., 2015). During the non-persistent mode of aphid-mediated virus transmission, 

viral particles bind to receptors in the stylets of the insects (Mulot et a., 2018; 

Deshoux et al., 2018). Upon feeding on an infected plant the attachment of viral 

particles to these receptors occurs rapidly, i.e. within seconds. Thus, virus 
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acquisition does not require prolonged feeding from vascular tissues; virus particles 

are acquired most efficiently as the aphid probes the plant for palatability by briefly 

feeding from the epidermal cells (Powell, 2005). However, virus particles can be 

easily dislodged from the stylet during salivation, which increases in likelihood if 

prolonged feeding occurs on a suitable host (Martin et al., 1997). Rapid, local 

transmission is most efficient when aphids alight briefly on infected plants, sample 

the epidermal cell contents and disperse (Donnelly et al., 2019; Groen et al., 2017; 

Mauck et al., 2016). However, epidemiological modelling indicates that while 

rejection of a host following a brief sampling feed encourages rapid localised 

transmission by wingless aphids, if aphids settle and reproduce on plants this will 

eventually favour longer distance virus dissemination by winged aphids (Donnelly 

et al., 2019). 

 

CMV seems to be able to manipulate host-aphid interactions to promote its own 

transmission. There is increasing evidence that certain genes of plant viruses exert 

extended phenotypes i.e., these parasite genes influence the expression of host 

genes in ways that ultimately benefit the virus (Dawkins, 1982). Among the host 

genes altered in expression by infection are those involved in the biosynthesis of 

insect-attracting and insect-repelling secondary metabolites and genes involved in 

defence against insect infestation. The resulting changes in plant biochemistry and 

defence alter the interactions of infected host plants with vectors and may have 

profound effects on epidemiological processes that benefit the virus. Although 

changes in plant biochemistry and defence status that favour transmission were 

previously assumed to be only secondary effects of virus infection, this assumption 

has become less plausible as more evidence accumulates of virus-host-vector co-

evolution (Carr et al., 2018; Donnelly et al., 2019; Groen et al., 2017; Mauck et al., 

2016; Ziebell et al., 2011; Westwood et al., 2013a,b).  

 

The effects of CMV on plant-aphid interactions are host-specific. For example, in 

squash (Cucurbita pepo) and tobacco the Subgroup IA CMV strain Fny (Fny-CMV) 

induces changes in the emission of plant volatile organic compounds (VOCs) 

although only those produced by infected cucurbits appear to influence aphid 

foraging behaviour (Carmo-Sousa et al., 2014; Mauck et al., 2010; Tungadi et al., 

2017). Fny-CMV induces production of distasteful substances (antixenosis) in 
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squash and Arabidopsis thaliana plants. Antixenosis promotes virus acquisition 

from epidermal cells, inhibits phloem feeding, and promotes aphid dispersal 

(Donnelly et al., 2019; Mauck et al., 2010; Westwood et al., 2013ab). 

 

 

1.4 Plant innate immunity  
 

Plants have evolved a powerful, multilayered innate immune system capable of 

responding to, and discriminating between, beneficial and detrimental organisms 

(Boller and He, 2009; Dodds and Rathjen, 2010; Zipfel, 2008). Aside from 

constitutive defences such as trichomes, further defence mechanisms can be 

induced following pathogen or insect attack (van Loon et al., 2006). The first layer 

of innate immunity is activated upon host recognition of highly conserved molecules 

expressed by pathogens, pathogen- or microbe-associated molecular patterns 

(PAMPs or MAMPs) (Jones and Dangl, 2006). During wounding or pathogenic 

attack damage-associated molecular patterns (DAMPs) released by the host can 

also trigger defences (Macho and Zipfel, 2014). PAMPs and DAMPs are recognised 

by membrane-bound pattern-recognition receptors (PRRs) which activate immune 

signalling resulting in PTI (Jones and Dangl, 2006). PTI is effective against the 

majority of plant pathogens. The best characterised bacterial and fungal PAMPs are 

bacterial flagellin (or its derived peptide flg22), bacterial elongation factor (EF)-Tu 

and fungal chitin oligosaccharides (Boller and He, 2009; Kunze, 2004). Similarly, 

DAMPs such as oligogalacturonides and oligopeptide signals such as systemins 

and AtPep1 accumulate as a result of pathogen or insect-induced enzymatic 

degradation of plant cell walls or proteins (Boller and Felix, 2009; Ferrari et al., 2013; 

Lotze et al., 2007).  

 

Plant PRRs can be classed as receptor-like kinases (RLKs) or receptor-like 

proteins. RLKs have a conserved receptor configuration consisting of a peptide 

signal, a transmembrane segment that connects a variable extracellular domain 

with specific ligand binding capacity to a cytosolic kinase domain that 

phosphorylates threonine/serine residues and, in some cases tyrosine residues, on 

protein substrates (Antolin-Llovera et al., 2012; Greeff et al., 2012). RLK-mediated 
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signalling is often initiated by a ligand-dependent dimerisation or oligomerisation of 

the receptor (Antolín-Llovera et al., 2014). PTI is primarily triggered by nucleotide 

binding site leucine-rich repeat (NLR) PRRs which require association with the 

BRI1-ASSOCIATED RECEPTOR KINASE (BAK1) (Chinchilla et al., 2009; Heese 

et al., 2007). BAK1 belongs to the RLK family and is comprised of an N-terminal 

extracellular leucine-rich repeat domain (which is related to mammalian Toll-like 

receptor (TLR) immune sensors) a transmembrane segment, and an intracellular 

kinase domain (Chinchilla et al., 2009). In Arabidopsis, flg22 binds to FLAGELLIN 

SENSITIVE 2 (FLS2) which rapidly heterodimerises with BAK1 (Heese et al., 2007; 

Sun et al., 2013). BAK1 is necessary for effective downstream immune signalling, 

such as mitogen-activated protein kinases (MAPK) activation, ROS bursts, callose 

depositions, induction of defence genes and induced resistance (Boller and Felix, 

2009; Heese et al., 2007). BAK1 functions as a positive regulator of innate immune 

responses triggered by the Arabidopsis PRRs PEPR1 and PEPR2 that recognise 

the Arabidopsis-derived DAMP AtPep1 (Krol et al., 2010). Therefore, BAK1 is a 

central component of plant immunity, through co-activation of numerous PRRs it is 

essential for complete immunity against a number of bacterial, fungal and oomycete 

pathogens.  

 

 

1.4.1 Plant antiviral immunity 

 

The role of innate immunity in virus-host interactions is well characterised in animal 

systems (Seth et al., 2006). TLRs are the best characterised PRRs in mammals, 

and have important roles in antiviral defence (Takeda and Akira, 2004; Yoneyama 

and Fujita, 2010). Several recent studies have described a role for PTI in antiviral 

immunity (Gouveia et al., 2017; Jia et al., 2016; Kørner et al., 2013; Nicaise and 

Candresse, 2016; Niehl et al., 2016). In mammalian and insect cells, the TLRs 

comprise a large family of nucleic acid-sensing PRRs, which are similar to NLRs 

(Kawai and Akira, 2006; Yoneyama and Fujita, 2010). Various members of the TLR 

family recognise specific biochemical features typically present in viral, but not in 

host, nucleic acids, such as uncapped single-stranded RNA, double-stranded RNA 
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(dsRNA), or unmethylated DNA (Jensen and Thomsen, 2012; Yoneyama and 

Fujita, 2010).  

 

One of the first instances of resistance to plant viruses was reported in Tobacco 

plants infected with Tobacco mosaic virus (TMV). Tobacco plants that possess the 

N gene (Whitham et al., 1994) are resistant to TMV and exhibit the hypersensitive 

response (HR) after inoculation with that virus. The HR is followed by an increase 

in SA and induction of systemic acquired resistance throughout the plant (Ross, 

1961a, 1961b). However, in plants it was assumed that antiviral defence was largely 

dependent on RNA silencing. Recent studies have uncovered several novel PTI 

signalling mechanisms that can inhibit viral infection in a similar manner to non-viral 

pathogens (Calil and Fontes, 2016; Gouveia et al., 2017; Kørner et al., 2013). 

During infection, certain plant viruses induce a complex set of PTI responses, 

including ROS production, ion fluxes, SA accumulation, defence gene activation, 

such as PR1, and callose deposition (Allan et al., 2001; Mandadi and Scholthof, 

2013). Components of the PTI signalling pathway have been shown to play a role 

in antiviral defence. Kørner et al. (2013) observed that PTI was triggered by positive-

sense RNA viruses in a BAK1-dependent manner. The involvement of BAK1 in 

antiviral immunity suggests that recognition of a viral PAMP or virus-induced 

DAMPs occurs through direct interaction with BAK1 or an BAK1-interacting co-

receptor. More recently it was demonstrated that dsRNA associated with viral 

infection can act as PAMPs and can activate typical PTI responses (Niehl et al., 

2016). Niehl et al. (2016) demonstrated that in vitro-generated dsRNAs, dsRNAs 

from virus-infected plants and a synthetic dsRNA induced PTI responses that were 

dependent on the co-receptor SERK1, but independent of dicer-like proteins (DCL: 

see Section 1.5) in Arabidopsis. 

 

The nuclear shuttle protein (NSP)-interacting kinase 1 (NIK1) has been implicated 

in antiviral immunity (Zorzatto et al., 2015). NIK1 was originally identified as a 

virulence target of the NSP of bipartite geminiviruses (begomoviruses) (Fontes et 

al., 2004). NIK1 is a transmembrane RLK, which is thought to dimerise or 

multimerise with itself and/or co-receptors to promote transphosphorylation (Santos 

et al., 2009). However, the mechanism underlying the antiviral function of NIK1 is 
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different from the classical BAK1-mediated PTI. Activation of NIK1 signalling leads 

to the translocation of the ribosomal protein L10 to the nucleus, where it binds to 

L10-interacting myb domain-containing protein to repress the expression of 

translational machinery-related genes and global host translation (Carvalho et al., 

2008). During infection, the NIK1-mediated translational regulatory mechanism 

results in reduced translation efficiency of begomovirus mRNAs (Zorzatto et al., 

2015). 

 
Plasma membrane-localised PRRs, such as BAK1, NIK1 and SERK1, have been 

shown to be involved in antiviral PTI (Kørner et al., 2013; Niehl et al., 2016; Zorzatto 

et al., 2015). Yet it remains to be determined how viral pathogens, which replicate 

intracellularly, are perceived by extracellular receptors. However, the process of 

viral infection may release endogenous DAMPs which may be perceived by plasma 

membrane PRRs. Similarly, there is a lack of information regarding whether or not 

viral proteins have the ability to interact with the intracellular domains of plant PRRs. 

 

The PRR co-receptors BAK1 and BAK1-LIKE1 (BKK1) have been implicated in 

antiviral defence in Arabidopsis, as loss-of-function mutations in BAK1 and BKK1 

result in enhanced susceptibility to turnip crinkle virus (TCV) infection (Yang et al., 

2010). It was shown that Arabidopsis bak1 mutants have increased susceptibility to 

three RNA viruses, while crude extracts of virus-infected leaf tissue also induced a 

typical PTI responses in a BAK1-dependent manner (Kørner et al., 2013). When 

inoculated with plum pox virus the double mutant bak1-5 bkk1 supported increased 

viral titres (Nicaise and Candresse, 2016). The bak1-4 mutant has pleiotropic effects 

on cell death control, whereas the bak1-5 mutant contains a point mutation which 

abolishes its role in defence but minimises the cell death pleiotropy (Schwessinger 

et al., 2011).  

 

A major question raised is how CMV and other RNA viruses activate PTI-signalling. 

Currently research suggests that viral factors can act as PAMPs but this does not 

eliminate the possibility that DAMPs produced in response to virus infection are 

responsible for inducing antiviral defence in plants. Several mechanisms have been 

suggested, although direct binding of viral proteins to PPRs or other cell-surface 
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receptors has not yet been demonstrated. It was proposed by Kørner et al. (2013) 

that viral infection may trigger production of endogenous DAMPs, such as AtPeps 

which are encoded by the PROPEP genes, and that AtPeps trigger PTI by binding 

to PEPR1 and PEPR2 in a BAK1-dependent manner. Although it was observed that 

there was no difference in susceptibility of pepr1 pepr2 double mutants to TCV 

infection (Kørner et al., 2013). It was concluded that AtPep signalling is not sufficient 

to suppress or attenuate TCV infection. It is unknown if DAMPs activate PTI during 

CMV infection. PROPEP3 was up-regulated in response to CMV infection, although 

expression of PEPR1 and PEPR2 was not induced (Ziebell et al., 2011).  

 

More recently, dsRNA and virus-derived dsRNA were shown to act as viral PAMPs 

in Arabidopsis and induce PTI (Niehl et al., 2016). Application of dsRNA or the 

synthetic dsRNA analogue polyinosinic–polycytidylic acid to Arabidopsis leaf disks 

induced typical PTI responses, including MAPK activation and defence gene 

expression. Pre-treatment with dsRNA conferred protection against oilseed rape 

mosaic virus (ORMV) which showed significantly reduced viral accumulation in 

treated leaves (Niehl et al., 2016). PTI triggered by dsRNA is dependent on the co-

receptor kinase SERK1, and functions independently of the RNA silencing pathway 

(Niehl et al., 2016).  

 

A viral component was shown to act as a suppressor of PTI signalling (Nicaise and 

Candresse, 2016). The capsid protein from PPV appears to act as a virulence factor 

during infection, and supressed early immune responses such as the ROS burst 

and expression of PTI marker genes (Nicaise and Candresse, 2016). A role for the 

CMV MP in plant immunity was recently described (Zhu et al., 2018). Tobacco 

plants transiently expressing the CMV MP were compromised in ROS production 

when various defence elicitor compounds were applied. Whereas transgenic 

Arabidopsis plants expressing the MP displayed multiple defects in their PTI 

response. A direct interaction between the CMV MP and host proteins was not 

confirmed, but it was demonstrated that the MP can serve as effector proteins to 

suppress host immune signalling (Zhu et al., 2018). The 2a protein of Subgroup I 

strain Fny-CMV, but not the Subgroup II strain LS-CMV, also activates defence 

signalling (Westwood et al., 2013a) (discussed in Section 1.6 Plant immunity 

triggered by CMV). 
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1.5 RNA silencing 
 

RNA silencing [also known as posttranscriptional gene silencing (PTGS)] is a 

mechanism of gene regulation and antiviral defence (Hannon, 2002; Baulcombe, 

2004; Ding, 2010; Drinnenberg et al., 2011). RNA silencing forms an additional layer 

of plant immunity that is distinct from PTI or ETI (Baulcombe, 2004; Agius et al., 

2012). RNA silencing comprises a set of related RNA degradation and translation 

inhibiting pathways that are directed by small (s) RNAs, 20-25 nucleotides in size, 

which are complementary to target sequences. RNA silencing is present in a broad 

range of eukaryotic organisms, but was first discovered in plants and thought to 

have evolved as an adaptive defence response against viral pathogens 

(Baulcombe, 2004; Shabalina and Koonin, 2008; Drinnenberg et al., 2011). In 

plants, RNA silencing can target viral gene expression in several ways; by 

sequence-specific transcript degradation, inhibiting translation of mRNAs, or by 

promoting targeted methylation of viral DNA which results in transcriptional gene 

silencing (Ding, 2010; Li and Ding, 2006).  

 
DCL proteins recognise and cleave double-stranded endogenous or foreign RNA 

(dsRNA) into short 21-25 nucleotide small-interfering RNAs (siRNA) or microRNA 

(miRNA) duplexes (Sabin et al., 2013). In Arabidopsis, four DCL enzymes (DCLs 1-

4) have been identified, which generate short dsRNAs of 20-25, 22, 24 and 21 

nucleotides, respectively (Blevins et al., 2006; Fukudome and Fukuhara, 2017). In 

response to positive strand RNA viruses including CMV, the DCLs act in a 

hierarchical manner with the 21 nt siRNA-producing DCL4 being the main dicer 

involved, with DLC2 also involved (Bouche et al., 2006; Diaz-Pendon et al., 2007). 

The processed siRNA or miRNA are subsequently loaded into a multiprotein 

effector complex, the RNA-induced silencing complex (RISC) (Filipowicz, 2005; 

Schuck et al., 2013).  

 

Members of each clade specifically recruit siRNAs depending on the 5’ terminal 

nucleotide (Mi et al., 2008). Either strand of the siRNA duplex can then be 
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incorporated into the RISC. The RISC is then guided to target nucleic acids in a 

sequence-specific manner (Baumberger and Baulcombe, 2005). RICSs can cleave 

target mRNAs or repress their translation, direct DNA methylation, or mediate 

antiviral defence (Garcia-Ruiz et al., 2015; Zilberman et al., 2003). AGO is the slicer 

component of the RISC, which inhibits the expression of target RNAs. The AGO 

family has expanded during plant evolution (Singh et al., 2015), leading to the 

functional specialisation of plant AGOs. The role of each AGO in different sRNA 

pathways and biological processes can be attributed to their biochemical properties, 

expression patterns, and other proteins and/or sRNA which they interact with. AGO 

proteins are divided into three clades 1) AGOs 1, 5 and 10; 2) AGOs 2, 3 and 7; 3) 

AGOs 4, 6, 8 and 9 (Vaucheret, 2008). Members of the first clade 

(AGO1/AGO5/AGO10 in Arabidopsis) primarily bind 21-nt small RNAs and are the 

main executors of PTGS. AGO1 is the effector protein for miRNAs and trans acting 

(ta) -siRNAs (Vaucheret et al., 2004; Baumberger and Baulcombe, 2005). AGO1 is 

guided by miRNAs and ta-siRNAs, and regulates the expression of genes that are 

involved in numerous developmental and physiological processes (described 

further in section  1.5.2 MicroRNA antiviral signalling). The expression of 

Arabidopsis AGO5 is confined to the somatic cells around megaspore mother cells 

as well as in the megaspores. AGO5 can also bind virus-derived siRNAs of CMV 

(Takeda et al., 2008), suggesting a role in antiviral defence. However, AGO5 

appears to play a minor role in antiviral resistance to TuMV, that was predominantly 

effective in leaf tissue (Garcia-Ruiz et al., 2015). 

 

The 24-nt siRNAs that derive mostly from transposons and repetitive sequences 

are incorporated into AGOs that belong to clade 3 (AGO4/AGO6/AGO9 in 

Arabidopsis). Arabidopsis AGO2 is induced by viruses and plays a major role in 

antiviral defence and has been shown to act cooperatively with AGO1 or AGO5 to 

provide broad spectrum of plant viruses (Harvey et al., 2011; Jaubert et al., 2011). 

Experiments using cytoplasmic extracts of evacuolated tobacco protoplasts 

revealed that AGO2 loaded with synthetic virus-derived siRNAs can target viral 

RNAs for cleavage, thereby inhibiting viral replication (Schuck et al., 2013). AGO2 

also binds miR393b* to silence a Golgi-localized gene MEMB12 likely via 

translational repression, resulting in exocytosis of antimicrobial pathogenesis-

related protein PR1 and increased antibacterial activity (Zhang et al., 2011). The 
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role of AGO2 in response to CMV infection is discussed further in Section 6.). The 

Arabidopsis AGO2 and AGO3 genes are very similar to each other and are likely 

the result of an evolutionarily recent duplication event. AGO3 binds siRNAs derived 

from Potato spindle tuber viroid (Minoia et al., 2014), and AGO3 programmed with 

exogenous siRNAs can cleave viral RNAs in vitro (Schuck et al., 2013).  
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Figure 1.3. RNA-based immunity in plants. 

Double-stranded RNAs (dsRNA) or hairpin RNAs generate siRNA duplexes by the 

action of Dicer (DCL, dicer-like). The guide RNA strand binds with Argonaute (AGO) 

proteins to form an RNA-induced silencing complex (RISC). The siRNA/RISC 

complex then binds the complementary sequence of the target mRNA resulting in 

the degradation of the target transcript or inhibition of translation. The components 

of siRNA/mRNA complex can be recycled to the RISC complex or generate siRNA 

duplexes by the action of RNA-dependent RNA-polymerase (RdRP) (Figure 

adapted from Majumdar et al., 2017). 
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1.5.1 Viral suppressors of RNA silencing 

 

Most plant viruses encode at least one VSR. The CMV 2b protein was one of the 

first VSRs described and prevents initiation of silencing (Beclin et al., 1998; Csorba 

et al., 2015). CMV mutants that lack the 2b protein (CMVΔ2b), are unable to 

replicate efficiently and accumulate to a much lower titre than wild-type CMV. 

Accumulation of these mutant viruses can be rescued by disrupting the plant’s 

antiviral silencing machinery. CMVΔ2b mutants accumulate to titres comparable to 

WT CMV in dcl2 dcl4 and rdr1 rdr6 double mutants of Arabidopsis (Wang et al., 

2010; Westwood et al., 2013a). 

 

It was initially thought that cucumoviral 2b VSRs inhibit antiviral RNA silencing by 

binding to AGO1 (Zhang et al., 2006) until subsequent work showed that 2b protein 

VSR activity is actually dependent upon its ability to titrate double-stranded siRNAs 

(Chen et al., 2008; González et al., 2010, 2012; Goto et al., 2007; Rashid et al., 

2008; Xu et al., 2013). Cucumoviral 2b proteins can self-interact, forming dimers or 

tetramers in vivo, with the latter showing significant preference for binding short 

dsRNA (Chen et al., 2008; González et al., 2012; Goto et al., 2007; Rashid et al., 

2008; Xu et al., 2013). The 2b protein also can directly interact with host proteins in 

order to suppress host anti-viral signalling. AGO1 is targeted by VSRs encoded by 

several viruses and inhibition of AGO1 activity for some viruses can provide an 

effective means of diminishing antiviral RNA silencing (Csorba et al., 2009). The 2b 

protein was also shown to interact with AGO4 from Arabidopsis (Hamera et al., 

2012). The 2b protein specifically interacts with the RNA-binding module PAZ and 

catalytic PIWI domains, and thereby inhibits sRNA-mediated transcript cleavage of 

AGO4 (Hamera et al., 2012). It was also shown that the in vitro suppression of 

AGO1 and AGO4 slicing activities by CMV 2b requires its physical interaction with 

AGOs, although this interaction was dispensable for RNA silencing suppression by 

CMV 2b (Hamera et al., 2012). 

 

The 2b protein has distinct activities in different cellular compartments. The 

cytoplasmic fraction of the 2b protein is predominantly responsible for its VSR 

activity and by using a mutated version of Fny 2b protein which is confined to the 
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nucleus and nucleolus siRNA-mediated local RNA silencing, antiviral silencing, and 

miRNA activity was shown to be greatly reduced (Du et al., 2014a; González et al., 

2010). Although the VSR activity of the 2b protein is reduced when confined to the 

nucleus, nuclear localised Fny 2b was shown to suppress JA-mediated gene 

expression (Lewsey et al., 2010).  

 

1.5.2 MicroRNA antiviral signalling  

 

miRNAs are formed when endogenous transcripts fold back on themselves 

producing hairpin structures with imperfect base-pairing. These primary miRNAs 

are processed by DCL1 to form short miRNA duplexes which are then transported 

from the nucleus to the cytosol (Park et al., 2002b). Once in the cytosol, single-

stranded miRNAs are assembled into RISCs, that predominantly contain AGO1 

(Vaucheret et al., 2004) (Fig 1.4). 

 

Several Arabidopsis miRNAs are known to regulate innate immune responses. 

Recognition of PAMPs induces the transcription of MIR160a, MIR167 and MIR393 

(Li et al., 2010). These MIR transcripts produce miRNAs that target mRNAs 

encoding AUXIN RESPONSE FACTORS (ARFs) 10, 16 and 17 [miR160a (Mallory 

et al., 2005)] and 6 and 8 [miR167 (Rhoades et al., 2002; Jones-Rhoades and 

Bartel, 2004)], and the auxin receptors TIR1, AFB2 and AFB3 [miR393 (Parry et al., 

2009)]. This represses auxin signalling, which results in the prioritisation of defence 

over developmental signalling (Soto-Suárez et al., 2017) .  

 

The miRNA pathway is important in the regulation of plant growth and development. 

Mutants of AGO1 or DCL1 in Arabidopsis are embryonically lethal, and to study 

their function viable hypomorphic mutants are used. An example of this is the 

abnormal growth phenotypes caused by VSRs when expressed in Arabidopsis, 

which was initially thought to be due to misregulation of the auxin-responsive 

transcription factor (TF) ARF8 by miR167 (Wu et al., 2006), but this was later found 

to be incorrect (Mlotshwa et al., 2016). In 2b-transgenic Arabidopsis plants the 2b 

protein induces stunting of shoots and roots, and developmental abnormalities, 

including floral deformation (Lewsey et al., 2007). These effects occur in part 
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through inhibition of AGO1 activity (in particular, inhibition of mRNA slicing directed 

by miR159) and also through effects that the 2b protein has within the host cell 

nucleus (Du et al., 2014a,b; Lewsey et al., 2007, 2009). VSRs can alleviate AGO1 

antiviral function by interfering with its homeostatic regulatory loop. Suppression of 

RNA silencing by inhibiting AGO1 is an effective strategy of many plant viruses. 

Several plant RNA viruses induce expression of MIR168 (Varallyay et al., 2010). 

miR168 directs the cleavage of AGO1 mRNAs, indicating that miRNAs themselves 

can regulate the feedback of the miRNA pathway (Vaucheret et al., 2004). The 

Tombusvirus p19 VSR causes over-accumulation of miR168, which results in 

downregulation of AGO1 protein level (Varallyay et al., 2010). Several unrelated 

VSRs induce miR168 induction and the subsequent disruption of AGO1 regulation 

(Varallyay et al., 2013). However, inhibiting AGO1 activity may be counterproductive 

in some instances. In Arabidopsis, AGO2 is regulated by a miRNA (miR403) (Allen 

et al., 2005). Disruption of AGO1 activity during virus infection results in the de-

repression of AGO2 mRNA levels by miR403 (Harvey et al., 2011). This leads to 

higher levels of AGO2 and, consequently, triggers the establishment of another 

layer of antiviral silencing (Harvey et al., 2011). 

 

Several NLRs that contribute to antiviral immunity are directly or indirectly regulated 

by miRNAs (Yi and Richards, 2007). Disruption of the miRNA pathway by VSRs can 

lead to an enhanced immune response. This defence feedback loop is particularly 

effective when it is the VSRs that are recognised by these NLR proteins. Several 

VSRs including the CMV 2b protein induce a HR in certain host plants (Li et al., 

1999; Ren et al., 2000). Viral infection may lead to activation of enhanced defence 

signalling if AGO1 or other host components of the miRNA pathways are perturbed. 

In order to avoid disrupting the miRNA pathway, viruses subvert RNA silencing via 

other mechanisms, such as sequestration of siRNAs. MiRNAs are highly variable 

between plant species (Cuperus et al., 2011), and the disruption of the miRNA 

pathway by the 2b protein is likely to have different effects in separate plant species. 

This may explain why VSRs do not completely inhibit the miRNA pathway in all 

plants, as is the case with CMV strains from Subgroup II [e.g. LS- and Q-CMV 

(Lewsey et al., 2007; Zhang et al., 2006)]. Although the LS-CMV 2b protein does 

not interact with AGO1 in Arabidopsis, it was shown alter the expression levels of 

certain miRNAs in tomato (Cillo et al., 2009).  
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Figure 1.4. MicroRNA biosynthesis and modes of action in plants. 

In Arabidopsis, the transcribed MIR genes form hairpin structures with imperfect 

base-pairing. These are cleaved by DCL1 to produce miRNAs. HEN1 directly 

methylates the 3ʹ end of the DCL-produced small RNA duplexes. The mature 

miRNA duplex binds to AGO1, which is able to slice and inhibit translation of target 

mRNA. Diagram adapted from Ilardi and Nicola-Negri, 2011. 
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1.6 Plant immunity triggered by CMV 
 

Virus infection results in the induction of plant defence responses and the 

reprogramming of host plant biochemistry (Handford and Carr, 2006). Formerly, this 

may have been seen as incidental to the infection process but work in our group 

and that of others show that altered primary and secondary host metabolism can 

alter the dynamics between infected plants and aphid vectors (reviewed in Brault et 

al., 2010). In Arabidopsis and other Brassicaceae an important class of metabolites 

that affects aphids are glucosinolates (Cole, 1997; Zust et al., 2012). Accumulation 

of aliphatic glucosinolates is regulated by development and sugar signalling 

(Gigolashvili et al., 2007a; Miao et al., 2013), whereas indole glucosinolate levels 

rise after biotic stress (Gigolashvili et al., 2007b). JA-signalling regulates both basal 

glucosinolate levels and induction of glucosinolate biosynthesis (Mikkelsen et al., 

2003).  

 

1.6.1 Immunity to aphid transmission 

 

The Fny 2b protein interacts with and inhibits AGO1 (Zhang et al., 2006). AGO1 

positively regulates expression of the P450 enzyme CYP81F2, the product of which 

catalyses the formation of the aphid feeding deterrent compound 4-methoxy-

indol3yl-methylglucosinolate (4MI3M) from its precursor indol-3-yl-

methylglucosinolate (I3M) (Fig. 1.5) (Kim and Jander, 2007; Clay et al., 2009; Pfalz 

et al., 2009). Accumulation of I3M relies on basal JA signalling (Mewis et al., 

2006).The conversion of I3M to 4MI3M is positively regulated by SA and ethylene 

signalling (Kliebenstein et al., 2002; Clay et al., 2009). During PTI the production of 

4MI3M from I3M is dependent on EDS1, the TF MYB51 (Dombrecht et al., 2007; 

Frerigmann et al., 2016; Schlaeppi et al., 2010; Xu et al., 2016).  

 

The induction of feeding deterrence against M. persicae in Arabidopsis by infection 

with Fny-CMV appears to be an emergent property of the direct or indirect 

interactions of three viral gene products with the host and each other. It was 

observed using 2b-transgenic Arabidopsis plants that the 2b protein induces strong 

resistance to aphids (Westwood et al., 2013a). This form of resistance is termed 
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(antibiosis) and is based on the accumulation of toxic compounds which aphids 

cannot recover from feeding on. Antibiosis is deleterious to aphid-mediated 

transmission as aphids will continue to ingest toxic compounds and not disperse to 

uninfected host plants (Westwood et al., 2013a). In Arabidopsis, AGO1 negatively 

regulates antibiosis against aphids (Kettles et al., 2013; Westwood et al., 2013a) 

and the inhibition of AGO1 by the Fny 2b protein allows this form of insect resistance 

to become active (Watt et al., unpublished data; Westwood et al., 2013a). In tobacco 

plants infected with the mutant CMV∆2b, aphids reproduced poorly and exhibited 

increased mortality (Ziebell et al., 2011). It appears that in tobacco, the 1a protein 

has the ability to trigger antibiosis against aphids. But during infection with wild-type 

CMV induction of antibiosis is counteracted by the 2b protein (Tungadi et al 2019; 

Ziebell et al., 2011).  

 

1.6.2 Immunity to virus replication 

 

Fny-CMV infection induces antixenosis in Arabidopsis plants. This form of 

resistance is based on increased 4MI3M biosynthesis and aphid feeding 

deterrence. Using transgenic plants and pseudorecombinant virus the induction 

antixenosis was mapped to the 2a protein from Fny-CMV (Westwood et al., 2013a). 

As the production of 4MI3M is advantageous to CMV (promoting transmission by 

aphids) the 2a protein although acting as a PAMP has properties of an effector; a 

pathogen molecule that defeats or manipulates defence in order to benefit 

pathogen, or in this case, viral fitness. 

 

As the immune response triggered by the 2a protein does not inhibit CMV replication 

it suggests that CMV is able to tolerate or evade the host immune response 

(Westwood et al., 2013a). Viruses are able to form viral replication factories in order 

to prevent viral RNAs from detection and subsequent degradation by the hosts RNA 

silencing machinery (den Boon and Ahlquist, 2010). Viral factories cause the 

modification of intracellular membranes into spherules and have been well studied 

in RNA plant virus brome mosaic virus (BMV) (taxonomically placed with CMV in 

the Bromoviridae). For CMV and BMV, replicase formation involves accumulation 

of the 1a replicase protein to membranes and recruitment of the 2a replicase protein 
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and viral RNA. The location of these viral factories differs between the two viruses: 

BMV replicates at the endoplasmic reticulum (ER), whereas CMV replicates at the 

tonoplast (Palukaitis and Garcia-Arenal, 2019). The formation of too many viral 

factories may be detrimental to CMV as disruption of the tonoplast intrinsic protein 

1 (TIP1), which is targeted by the 1a replicase, induces cellular toxicity (Ma et al., 

2004). 

 

Viral proteins are increasingly recognised as more than replication components, but 

additionally as agents to subvert host immune responses, evidently to influence 

their interaction with vectors (Ingwell et al., 2012; Mauck et al., 2012; Nicaise and 

Candresse, 2016). During infection there is interplay between three CMV proteins 

(1a, 2a and 2b protein) which determines whether feeding deterrence or antibiosis 

is triggered in Arabidopsis (Fig. 1.5) (Westwood et al., 2013a). In Arabidopsis, it is 

the 2b protein that must be prevented from inducing antibiosis through its interaction 

with AGO1. A direct interaction between the 1a protein and the 2b protein was 

shown to limit the inhibition of AGO1 by the 2b protein, thus preventing induction of 

antibiosis while also preventing inhibition of 4MI3M biosynthesis (Chapters 4 and 5; 

Westwood et al., 2013a). This results in 2a-induced feeding deterrence as the 

dominant anti-aphid resistance mechanism induced by CMV infection in 

Arabidopsis (Westwood et al., 2013a). There are numerous scenarios whereby the 

CMV 2a protein could be activating PTI, either by the production of DAMPs as a 

consequence of infection or, conversely, or through interaction with host factors.  

 

The Fny-CMV 1a protein’s previously documented effect on host-aphid interactions, 

in Arabidopsis, contrasts markedly with its effect in tobacco, as does the effect of 

the 2b protein. In Arabidopsis, it is the Fny-CMV 2b protein that induces antibiosis 

against aphids while the 1a protein is the factor that limits 2b-induced antibiosis 

induction (Watt et al., unpublished results; Westwood et al., 2013a). In both plant 

hosts, the 1a and 2b proteins have antagonistic roles in conditioning CMV-induced 

effects on aphid-plant interactions suggesting the interplay of the 1a and 2b proteins 

determines the outcome (induction of aphid resistance or aphid susceptibility) of 

CMV infection on plant-aphid interactions in different hosts. This reinforces previous 

work showing that the effects of viral proteins on plant-aphid interactions are 

complex and combinatorial (Tungadi et al., 2020; Westwood et al., 2013a, 2014). 
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In Arabidopsis, anti-aphid resistance has also been shown to be partly regulated by 

PAD4, SA, ethylene, as well as miRNA-mediated signalling (Kettles et al., 2013; 

Mewis et al., 2006; Moran and Thompson, 2001; Smith and Boyko, 2006). BAK1 

has also been shown to be necessary for activating PTI in response to aphids 

(Prince et al., 2014). Furthermore, it was observed that extracts of M. persicae 

trigger plant defence responses in Arabidopsis that resemble PTI. One of the 

defence genes induced encodes PHYTOALEXIN DEFICIENT 3 (PAD3), a 

cytochrome P450 that converts dihydrocamalexic acid to camalexin, a major 

phytoalexin that is toxic to M. persicae (Prince et al., 2014). The involvement of 

BAK1 may be significant in the CMV-Arabidopsis-M. persicae pathosystem as 

BAK1 has been shown to be important in antiviral resistance to several RNA viruses 

(Kørner et al., 2013; Yang et al., 2010). 
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Figure 1.5. Model depicting the interaction between the CMV proteins and host 

components central to defence signalling.  

 

The 2b RNA silencing suppressor protein of CMV inhibits antiviral silencing through 

binding of virus-derived siRNAs, allowing viral gene products, including the 1a and 

2a replicase proteins to accumulate. The 2b protein can also bind to and inhibit 

AGO1, which positively regulates biosynthesis of the aphid feeding deterrent 

compound 4-methoxy-indol3yl-methylglucosinolate (4MI3M). AGO1 also negatively 

regulates induction of a toxicity-based resistance to aphids (antibiosis). The 1a 

replicase protein is able to moderate inhibition of AGO1 by the 2b protein, 

preventing induction of antibiosis and preventing inhibition of 4MI3M biosynthesis. 

The 2a protein stimulates PTI- and ETI-related signalling, which results in increased 

accumulation of 4MI3M. Model adapted from Westwood et al. (2013a). 
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1.7 Aims and objectives 
 

The main objective of my research was to investigate the interactions between 

plants, viruses and insect vectors, with a particular focus on how the interaction of 

viral proteins with host factors, and each other, can trigger different forms of aphid 

resistance. This work continues the research of Westwood et al. (2013), who 

demonstrated that during CMV infection induces defence signalling and 

accumulation of the aphid-repellent metabolite 4MI3M in Arabidopsis. Below a more 

detailed overview of the aims for each chapter will be given. 

 

Determine the role of the 2a protein in anti-aphid resistance in Arabidopsis.  

Westwood et al. (2013) demonstrated that the CMV 2a protein induces anti-aphid 

resistance. More recent work from our group, suggested that CMV-induced anti-

aphid resistance may be dependent on BAK1 (Groen et al., unpublished results).  

 

My first objective was to further investigate the role of the 2a protein in CMV-induced 

anti-aphid resistance. And secondly to determine if BAK1 is required for CMV-

induced anti-aphid resistance. This work will be discussed in Chapter 3. 

 

How does the 1a protein prevent 2b-induced antibiosis in Arabidopsis? 

Co-expression of 1a and 2b proteins in transgenic plants inhibited aphid resistance 

and also ameliorated the 2b-induced developmental abnormalities that occur in 2b-

transgenic Arabidopsis plants (Lewsey et al. 2007; Westwood et al., 2013a). This 

suggested that the CMV 1a protein negatively regulates the ability of the 2b protein 

to inhibit AGO1 activity (Westwood et al., 2013a).  

 

My second objective was to investigate if the 1a protein inhibits 2b-AGO1 

interactions indirectly or by directly interacting with either the 2b protein or AGO1 

and if these interactions affect the 2b protein’s VSR activity. This work will be 

discussed in Chapters 4 and 5. 
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Chapter 2. General Materials and 
Methods 
 

2.1 Chemicals and molecular biology reagents  
 

2.1.1 Sterilisation of solutions and equipment  
Chemicals used were obtained from Merck (Gillingham, Dorset, UK), Duchefa 

(Melford Labratories, Chelsworth, Ipswich, UK), Thermo Fisher Scientific (Paisley, 

UK) unless otherwise indicated. All bottles, metals and plastic equipment were 

sterilised by autoclaving for 15 minutes at 121°C and 15 pounds per square inch 

pressure. Other glassware and ceramics were soaked in 10 % (w/v) sodium 

hypochlorite for at least one hour, then rinsed with distilled water before being baked 

at 180°C for two hours. Solutions and media were prepared using deionised water 

and sterilised by autoclaving, apart from antibiotics and plant hormone solutions 

which were filter sterilised before being added to autoclaved media.  

 

 

2.2 Plant materials 
 

2.2.1 Brassicaceae 
Chinese cabbage (Brassica rapa L. subspecies pekinensis cv. Green Rocket) seeds 

were sown onto Levington M3 compost (Fisons Plc, Ipswich, UK). After 7 days, 

germinated seedlings were transplanted into individual pots. Cabbage plants were 

grown under a 16 hour photoperiod (using Sylvania Activa 172 Professional 36W 

bulbs) at 22°C ± 1°C, 60 % relative humidity and a light intensity of 200 μE.m
-2

.s
-1

. 

Plants were housed in a custom-built walk-in growth chamber with an automated 

watering system on a 36 hour watering regime (Conviron, Manitoba, Canada) at the 

Department of Plant Sciences Plant Growth Facility, Botanic Garden, University of 

Cambridge (Cambridge, UK).  
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Arabidopsis thaliana (L.) Heynh. (Arabidopsis) accession Col-0 plants were grown 

under the same conditions and in the same location as described above for the 

Chinese cabbage plants, except that photoperiod was 8 hours rather than 16 hours. 

Arabidopsis seeds were sown in small circular pots on F2 compost and 

subsequently cold-stratified for 3 days at 4°C. Seeds for Arabidopsis mutants with 

transgenes linked to antibiotic resistance genes or with T-DNA inserts containing 

these genes were sowed on 1.5 % (w/v) agar plates containing the appropriate 

antibiotic and concentration (50 µg/ml kanamycin; 30 µg/ml hygromycin). Seeds for 

other Arabidopsis lines were germinated without antibiotics. After seven days, 

seedlings were transferred to P24 tray inserts with cell dimensions of 50 x 48 mm 

(Desch Plantpak, Mundon Maldon, UK) containing a 4 : 1 M3 compost : sand 

(washed, lime free, horticultural quartzite sharp sand: J. Arthur Bowers, Lincoln, UK) 

mixture. Trays were placed under plastic propagation lids to facilitate seedling 

growth. After two more weeks of growth in trays, plants used for experiments 

involving virus infections were inoculated (Section 2.3.4) and grown for another two 

weeks to develop systemic infection. Plants not requiring inoculation were allowed 

to grow in trays for two more weeks. Both the inoculated and non-treated 

Arabidopsis plants were 5-6 weeks old and still in the pre-bolting vegetative stage 

when used in experiments.  

 

2.2.2 Arabidopsis accessions and mutants  
Experiments on Arabidopsis were done using the accession Columbia-0 (Col-0). All 

Arabidopsis mutants used were in the Col-0 genetic background unless indicated, 

and seeds for these mutants were from pools previously authenticated for the 

presence of mutant alleles. Transgenic Arabidopsis plants expressing CMV 2b 

sequences were previously generated by Dr. Mathew G. Lewsey (Lewsey et al., 

2007). The Arabidopsis lines containing Fny2b and LS2b transgenes, LS2b 5.7D 

and 4.3B; Fny2b 2.30F, and 3.13F have been described (Lewsey et al., 2007; 

Lewsey et al., 2010).  

 

Transgenic Arabidopsis plants expressing the genes encoding the Fny 1a protein 

and 2a protein, were obtained from Dr. Alex M. Murphy (University of Cambridge, 
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Cambridge, UK). Like the previously described 2b-transgenic Arabidopsis lines 

these 1a and 2a transgenic lines were created by transformation of Arabidopsis with 

Agrobacterium tumefaciens [GV3101 (Koncz and Schell, 1986)] containing the 

appropriate recombinant Ti plasmids through floral dipping (Clough and Bent, 

1998). The plasmids contain the ORFs of the genes encoding the Fny 1a protein 

derived from the vector pT149 (which was provided by Dr. Tomas Canto, Biological 

Research Centre, Madrid, Spain), and the ORF of the gene encoding the 2a protein 

from the vector pFny209 (Rizzo and Palukaitis, 1990). The 1a and 2a ORFs were 

subcloned into the plant expression vector pMDC32 (GenBank reference 

FJ172534) (Curtis and Grossniklaus, 2003) via the gateway entry vector 

pDONR207 (Thermo Fisher Scientific, Paisley, UK), the cloning procedure is 

described in detail in Section 2.5.6. This placed them under the control of the 

Cauliflower mosaic virus (CaMV) 35S promoter and allows in planta selection for 

resistance to hygromycin for transformants containing the pMDC32-derived 

constructs. The 2b-transgenic plants described at the beginning of this Section were 

selected for resistance to kanamycin. Fny2b/Fny1a double transgenic lines were 

created by supertransformation of the Fny2b-transgenic line 2.30F through floral 

dipping in the same manner the 1a-transgenic lines had been created. However, in 

this instance a derivative of the vector pDJSn had been used (Gilliland et al., 2003), 

which also places the 1a ORF under the control of the CaMV 35S promoter, but 

allows in planta selection of Fny2b / Fny1a double transformants by the use of 

hygromycin. The bak1-5 and bkk1-1 single and double mutants used in this study 

were provided by the Nottingham Arabidopsis Stock Centre (NASC) and have been 

previously characterized (He et al., 2007; Schwessinger et al., 2011).  

 

2.2.3 Solanaceae 
Nicotiana benthamiana Domin seeds were sown onto Levington M3 compost. After 

10 days, germinated seedlings were transplanted into individual pots containing a 

soil mixture made up of Levington M3 compost and sand, at a ratio of 4 : 1. Plants 

were kept in a controlled growth room at 22°C at 60 % humidity with a 16 hour 

photoperiod. Plants were grown under the same conditions and in the same location 

as described above for the Chinese cabbage plants. N. benthamiana plants were 

used to bulk up virus stocks when they were at the 3-4 leaf stage of development 
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(approximately 3 weeks old), and for agroinfiltration when they were at the 4-5 leaf 

stage (approximately 4 weeks old).  

 

 

2.3 Cucumber mosaic virus 
 

2.3.1 Strains 
CMV strain Fast New York (Fny-CMV) was first isolated from Cucumis melo in New 

York State, USA (Roossinck and Palukaitis, 1990) and strain Lactuca sativa (LS-

CMV) was first isolated from Lactuca sativa, also in New York State (Provvidenti et 

al., 1980; Zaitlin et al., 1994). The Fny strain of cucumber mosaic virus (Fny-CMV) 

(Roossinck and Palukaitis, 1990) was used in this work for aphid experiments. 

Infectious clones of Fny-CMV RNA1 (pFny109), RNA2 (pFny209) and RNA3 

(pFny309) were used to inoculate and propagate the virus in N. benthamiana via 

agroinoculation for later virion purification. The original infectious clones were 

constructed by Rizzo and Palukaitis (1990) but were modified for agroinfiltration by 

replacing the T7 promoter with the CaMV 35S promoter (Zhiyou Du, unpublished 

results). Infectious clones of LS-CMV genomic RNA1 (pLS109), RNA2 (pLS209) 

and RNA3 (pLS309) used in this study are described by Zhang et al. (1994). 

 

2.3.2 Virus preparation  
The CMV purification method was adapted from Roossinck and White (1998). 

Systemically infected leaves from five-to-six-week old N. benthamiana plants were 

weighed and blended in a pre-chilled blender (Magimix, Farnham, UK) with ice-cold 

Buffer A [0.5 M sodium citrate pH 6.5-7.0, 5 mM disodium 

ethylenediaminetetraacetic acid (EDTA), 0.5 % (v/v) thioglycolic acid] and 

chloroform, at a ratio of plant tissue : Buffer A : chloroform = 1g : 1 ml : 1 ml. The 

mixture was centrifuged at 18 500 g in a Beckman JLA-10,500 rotor for 15 minutes 

at 4°C. The aqueous phase was removed and filtered through two layers of 

Miracloth pre-soaked with distilled water. Ten grams of polyethylene glycol (PEG) 

was added to every 100 ml of aqueous extract to precipitate and concentrate the 

virus. The mixture was shaken for approximately 40 minutes at 4°C until the PEG 

was completely dissolved. The mixture was then centrifuged at 18 500 g in a 
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Beckman JLA-10,500 rotor for 10 minutes at 4°C. The pelleted virus was drained 

and residual PEG solution removed. The pellet was resuspended in Buffer B [5 mM 

sodium borate pH 9.0, 0.5 mM disodium EDTA, 2 % v/v Triton-X 100] using 

approximately 25% of the original volume of Buffer A used. The mixture was then 

stirred for 40 minutes at 4°C, before being centrifuged at 6600 g using a Beckman 

JLA-10,500 rotor for 10 minutes at 4°C. Ultracentrifugation of the supernatant was 

carried out at 100,000 g in a Beckman Ti70 rotor for 75 minutes at 4°C. The aqueous 

phase was underlaid with 5 ml of Buffer A and 10 % (w/v) sucrose. The pellet was 

dried and resuspended in 3 ml Buffer B and left shaking overnight at 4°C. The 

following day, the viron suspension was centrifuged at 6600 g using a Beckman 

JLA-10,500 rotor for 20 minutes at 4°C. The supernatant was centrifuged at 100,000 

g for 1 hour and 15 minutes in a Beckman Ti70 rotor over a 5 ml cushion of Buffer 

C [5 mM sodium borate pH 9.0m 0.5 mM disodium EDTA]. The pellet was 

resuspended in 200 µl Buffer C. The concentration of the virus (mg/ml) was 

determined by measuring the absorption at 260 nm and dividing this value by the 1 

mg/ml extinction coefficient (Lot and Kaper, 1976). Virion preparations were stored 

at 4°C and remained infectious for approximately 3 months. 

 

2.3.3 Inoculation 
After Arabidopsis plants were inoculated with purified CMV virions when they were 

4-5 weeks old. For inoculation, purified CMV virions were diluted to 10 µg/ml using 

0.1 M potassium phosphate buffer, pH 7. Carborundum powder [i.e. silicon carbide 

(SiC)], was dusted onto the third and fourth leaves of each plant in order to increase 

inoculation efficiency. A pipette was used to deliver 2 µl of virion suspension onto 

the surface of the third and fourth leaves. The leaves were gently rubbed with a 

gloved fingertip in order to inoculate the plants. This procedure was repeated for 

mock-inoculated plants, using sterilised water instead of virion suspension. 

Inoculated plants were kept in a controlled growth room at 21°C with an 8 hour 

photoperiod and covered with a propagator lid for 2 days to maintain humidity 

around the wounded plants. Virus-inoculated plants were used for aphid 

experiments at 2 weeks post-inoculation. 
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N. benthamiana plants were inoculated at the 3-4 leaf stage of development 

(approximately 3 weeks old). One cotyledon and the oldest true leaf were dusted 

with Carborundum which was used to gently abrade the leaf surface to facilitate 

virus entry. Ten μl of a 10 μg/ml purified viron suspension was pipetted onto the 

Carborundum-dusted leaves and gently rubbed with a gloved finger. Plants were 

left to develop systemic infection for seven days. 

 

 

2.4 Aphid experiments 
 

2.4.1 Aphid species 
The green-peach or peach-potato aphid Myzus persicae Sulz. (referred to as 

“aphid” throughout the text) was used for most aphid-plant interaction experiments 

in this report. The M. persicae clone US1L is an insecticide susceptible clone that 

was first described by Devonshire et al. (1977). Aphid cultures were maintained on 

Chinese cabbage (Section 2.2.1). In addition, virus-free cultures of apterous 

individuals of the oligophagous Brassicaceae specialists, the mealy cabbage aphid 

Brevicoryne brassicae L. and the turnip aphid Lipaphis erysimi Kaltenbach were 

reared on Chinese cabbage for use in some experiments with Arabidopsis. Clones 

of these specialist aphids were provided by Rothamstead Research, Harpenden, 

UK. Stock plants were individually contained in micro-perforated plastic bags 

(Associated Packaging Ltd., Tonbridge, UK) and placed inside a bench-top fabric 

insect cage (Insect Cage Net, Carmarthen, Dyfed, UK) at the Department of Plant 

Sciences Plant Growth Facility, University of Cambridge (Cambridge, UK). To 

obtain aphids of standardised developmental stage for use in experiments, adults 

were transferred to non-infested stock plants and allowed to reproduce for no longer 

than 24 hours. Nymphs produced were transferred to experimental plants using fine 

paintbrushes and contained using micro-perforated plastic bags. 

 

2.4.2 Aphid colony growth assay 
Approximately 100 adult aphids were transferred to a fresh uninfested Chinese 

cabbage plant one day prior to the start of the experiment. On the day of the 

experiment single freshly produced nymphs were transferred to individual 
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Arabidopsis plants using a fine paintbrush. Nymphs were placed on the middle 

rosette, and each aphid-infested Arabidopsis plant was contained in a 

microperforated bread bag. Nymphs were left to feed on the plants for 10 days 

before recording the number of offspring produced. As an additional containment 

measure aphid-infested plants were kept inside a rectangular Nylon mesh insect 

cage. 

 

2.4.2 Aphid mean relative growth rate assay  
One-day-old first instar nymphs were individually weighed on a microbalance (MX5, 

Mettler-Toledo, Columbus, OH, USA) just before being placed on test plants. 

Nymphs were contained on experimental plants using micro-perforated plastic bags 

secured at the base of each pot with an elastic band. The final weight of each aphid 

was measured five days post- infestation immediately after having been allowed to 

feed on the test plants. This period was chosen to maximise the time the aphids 

could spend on the plants without starting to reach adulthood and reproduce. Aphid 

mean relative growth rate (MRGR) was calculated using the formula MRGR = ()/ t, 

where t = time in days between the initial and final measurements of each aphid’s 

fresh weight (W) (Leather and Dixon, 1984; Stewart et al, 2009). At least 15 

replicates per treatment group were used and experiments performed three times 

in total. 

 

 

2.5 Nucleic acid manipulations  
 

2.5.1 Polymerase chain reaction (PCR) conditions 
For routine PCR reactions DNA sequences were amplified by PCR using the BioMix 

Red (Bioline/ Scientific Laboratory Supplies Limited, Hessel, UK) reagent mix. 

Unless otherwise stated, the reaction volumes were 20 μl, comprising 10 μl 2 x 

BioMix Red master mix, 8.5 μl distilled water, 0.5 μl of 10 μM mixture of primer sets, 

and 1 μl of DNA template typically containing 50 to 150 ng/μl of DNA. DNA targets 

from total nucleic extracts were amplified using the following PCR programme: 

94°C, 5 min, 30 cycles of amplification (94°C 30 s, 57°C 30 s, and 72°C 1 min). 

72°C, 5 min, and finally 4°C for 5 min. The annealing temperatures were adjusted 
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according to the basic melting temperatures from Primer3 (Untergasser et al., 2012) 

of the primers of interest. Likewise, the extension time was calculated to cover the 

length of the expected product based on the extension speed of 1000 bp/minute 

specified in the manufacturer’s instructions. The amplification of DNA for molecular 

cloning was carried out using Q5 high fidelity polymerase (New England Biolabs, 

Hitchin, UK). Unless otherwise stated, the reaction volumes were 50 μl, containing 

10 µl 5 x Q5 reaction buffer, 1 µl of 10 mM dNTPs, 10 µM mixture of primer set, 1 

µl of DNA template typically 100 ng/µl of DNA, 0.5 µl of Q5 High-Fidelity DNA 

polymerase and the remaining volume made up with nuclease-free water. DNA 

targets from total nucleic extracts were amplified using the following PCR 

programme: 98°C, 30 seconds, 30 cycles of amplification (98°C 10 s, 50-72°C 30 

s, and 72°C 30 seconds/kb), 72°C 2 min, and finally 4°C for 5 min. 

 

2.5.2 Gel electrophoresis of DNA 
For visualisation on agarose gels, 5 µl of each PCR reaction was mixed with 1 µl 6 

x Gel Loading Dye (New England Biolabs, Hitchin, UK) and loaded into wells of a 1 

% (w/v) agarose gel in TAE buffer [0.04 M Tris, 0.001 M EDTA pH 8.0, 0.1142 % 

(v/v) glacial acetic acid] containing 0.05 μg/ml ethidium bromide. Gels were 

submerged in TAE buffer and run in a gel rig (Flowgen / Scientific Laboratory 

Supplies, Hessle, UK) at up to 100 V using a Power Pac 3000 (Bio-Rad Laboratories 

Ltd, Hemel Hempstead, UK). Adjacent lanes were loaded with 5 µl 1 kb ladder or 

10 kb ladder (Bioline) depending on the expected size of the PCR products. Gels 

were examined under UV illumination to reveal bands using an InGenius3 gel 

analysis system (SynGene, Cambridge, UK).  

 

2.5.3 Extraction of DNA from agarose gel  
DNA sequences were extracted from agarose gels when required for molecular 

cloning. The gel was run as in Section 2.5.2 except that visualisation was carried 

out on a UV transilluminator light box. Bands of the correct size were excised from 

the gel using a scalpel and transferred to a 2 ml microcentrifuge tube. The Monarch 

DNA gel extraction kit (New England Biolabs, Hitchin, UK) was used to dissolve and 

purify DNA according to the manufacturer’s instructions.  
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2.5.4 Plasmid DNA purification 
Escherichia coli (E. coli) DH5α was cultured overnight in Luria-Bertani (LB) media 

containing appropriate antibiotics. The New England Biolabs Monarch plasmid 

purification kit was used for mini-preparations which is based on alkaline lysis, 

neutralisation and subsequent washing to quickly purify plasmids. In total 4 ml of E. 

coli was pelleted by centrifugation for 4 minutes at 10000 rpm in a bench top 

centrifuge. Following steps were carried out according to manufacturers instructions 

(New England Biolabs, Hitchin, UK). The purified plasmid DNA was eluted in 20 µl 

sterilised distilled water. 

 

2.5.5 DNA sequencing 
Plasmids and for sequencing were purified by mini-prep (Section 2.5.4) and PCR 

amplicons for sequencing were purified from gel extraction (Section 2.5.3). 

Sequencing reactions were prepared in individual PCR reaction tubes and 

contained 5 µl of plasmid (100 ng/µl) or PCR amplicon (10 ng/µl). Five µl of 

sequencing primers 3.2 pmol/µl were sent in separate tubes. Reactions were sent 

for automated sanger sequencing to Source BioScience, UK Ltd (Cambridge, UK) 

(Sanger et al., 1977; Smith et al., 1986) 

 

2.5.6 Generation of expression vectors 
Several vectors used in bimolecular fluorescence complementation (BiFC) 

experiments were originally were produced in the lab of Tomas Canto (Centro de 

Investigaciones Biológicas, Madrid, Spain) and were previously gifted to the lab. 

These include several containing the AGO1, Fny2b and LS2b ORFs (described 

below). The pROK2-based vectors for BiFC were originally generated by amplifying 

the N- and C-terminal domains from the yellow fluorescent protein (YFP) ORF, 

which were cloned into the XbaI and BamHI linearised pROK2 vector (Bracha-Drori 

et al., 2004). This insertion left a BamHI-XmaI-KpnI-SacI polylinker downstream of 

the inserted N- and C-terminal halves of the YFP sequence into which the amplified 

viral ORFs were inserted. 

 

Primers were designed (Table 1.1) to amplify the following fragments Fny 2a, Fny 

1a (Fny 2a and Fny 1a are referred to as 2a and 1a from herein) from pFny 209 and 
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pFny109 constructs. The LS 1a fragment was amplified from the previously 

described pLS109 construct. The amplified fragments were digested with 

appropriate restriction enzymes (BamHI and XmaI) and then purified after gel 

extraction. The purified fragments were ligated into the BamHI and XmaI digested 

pROK-sYFP backbone to generate the pROK constructs sYFPn-1a and sYFPc-1a, 

sYFPn-1aLS and sYFPc-1aLS, sYFPn-2a and sYFPc-2a. Additional pROK 

constructs expressing sYFPn-2b, sYFPc-2b, sYFPn-AGO1 and sYFPc-AGO1 were 

previously described by González et al. (2010).  

 

The enhanced version of Green fluorescent protein (GFP) or monomeric red 

fluorescent protein (RFP) sequences were amplified to introduce BamHI and ApaI 

overhangs (Table 1) and then cloned into the BamHI and ApaI digested 1a-pMDC32 

vector to generate the GFP-1a and RFP-1a fusions which were expressed from the 

pMDC32 vector. This approach followed previous work by Dr. Alex M. Murphy 

(University of Cambridge, Cambridge, UK) who previously constructed the pMDC32 

construct expressing the untagged Fny 1a protein (described in detail in Section 

2.2.2). Molecular cloning was carried out using the Gateway recombinational 

cloning method (Thermo Fisher Scientific, Paisley, UK) (Karimi et al., 2007). PCR 

amplification of the desired fragment with primers added 5’ and 3’ attB sites to the 

PCR product to permit recombination with Gateway-compatible entry vectors. The 

gel purified PCR product was mixed with the gateway entry vector pDONR221 and 

0.5 µl of BP clonase II and the reaction was incubated at 25ºC for 1 hour. To end 

the BP reaction 0.5 µl of Proteinase K solution was added to the reaction and 

incubated for 10 min at 37°C. Two µl of this reaction was used to transform E.coli 

and after plating on kanamycin selection agar plates positive colonies were 

confirmed by PCR and sequencing of the purified plasmid. Confirmed entry clones 

containing the gene of interest were then mixed with an appropriate destination 

vector in a LR reaction with 0.5 µl of LR clonase II and incubated at 25ºC for 1 hour. 

To end the LR reaction 0.5 µl of proteinase K solution was added to the reaction 

and incubated for 10 min at 37°C. Two µl of the LR reaction was used to transform 

E.coli and after plating on agar plates containing the appropriate antibiotic to select 

the destination vector positive colonies were confirmed by PCR and sequencing of 

the purified plasmid. 
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In order to generate GFP or RFP fusion proteins a set of vectors based on the pSAT 

system was used (Chakrabarty et al., 2007). These “pSITE” vectors were modified 

to contain the destination fragment required for Gateway LR recombination in place 

of the multiple cloning site in the pSAT-6 AFP cassettes (Hartley et al., 2000). The 

pSITE system was demonstrated to be effective in transient and stable expression 

of viral proteins from the sonchus yellow net virus (Chakrabarty et al., 2007). The 

pSITE vectors and corresponding GenBank reference used in this study were 

pSITE-2NB (EF212296), pSITE-2CA(EF212294), pSITE-4CA (EF212292). The 

pSITE vectors were used to construct the GFP-2a, RFP 2a fusion proteins and the 

AGO1-GFP and DCP1-GFP and DCP1-RFP fusion proteins. The Arabidopsis 

AGO1 (AT1G48410) and DCP1 (AT1G08370) ORFs were amplified from 

Arabidopsis cDNA using forward and reverse primers that contained 5’ extensions 

corresponding to the attB site (Table 2.1). The purified attB-PCR fragments were 

then introduced into the entry vector pDONR221 before being subcloned into 

pSITE-2NB, pSITE-2CA and pSITE-4CA vectors as described above. 
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Table 2.1. Primers used in the construction of fusion protein vectors. 

 

  

Primer name Sequence 5’-3’ 

mRFP-BamHI-

Fw  
GGGCCCGGATCCATGGCCTCCTCCGAGGAC 

mRFP-ApaI-Rv  GGCGCGCCGGGCCCAGGCGCCGGTGGAGTG 

GFP-BamH1-

Fw  
TAGGGCCCGGGATCCTGATGGTGAGCAAGGGCGAG 

GFP-ApaI-Rv  GATCCCGGGCCCTATACTTGTACAGCTCGTCCAT 

1a-BamHI-Fw CTGCTAGGATCCATGGCGACGTCCTCGTTCAACATC 

1a-XmaI-Rv  ATCTAGCCCGGGCTAAGCACGAGCAACACATT 

DCP1-att-Fw GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTCTCAAAACGGGAAGATAATCCCA 

DCP1-att-Rv GGGGACCACTTTGTACAAGAAAGCTGGGTTTTATTGTTGAAGTGCATTTTGTAAAGTTCGG 

DCP1-Cterm-
RFP-att-Rv 

GGGGACCACTTTGTACAAGAAAGCTGGGTGTTGTTGAAGTGCATTTTGTAAAGTTCGG 

AGO1-att-Fw GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTGAGAAAGAGAAGAACGGATG 

AGO1-att-Rv GGGGACCACTTTGTACAAGAAAGCTGGGTTGCAGTAGAACATGACACGCT 
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2.5.7 Mutagenesis of plasmids 
For the generation of small mutations or deletions in plasmids the Q5 Site-Directed 

Mutagenesis Kit (New England Biolabs) was used. This method is based on the Q5 

high fidelity DNA Polymerase (described in Section 2.5.1) along with custom 

mutagenic primers that allow the site-specific creation of insertions, deletions and 

substitutions in the target DNA sequence (Kalnins et al., 1983). Reactions were 

carried out according to manufacturer’s instructions (New England Biolabs, Hitchin, 

UK).  

 

 

2.6 Molecular biology techniques 
 

2.6.1 Transformation of E. coli 
A 50 µl aliquot of E. coli DH5α 5-alpha high efficient competent cells (New England 

Biolabs) was thawed on ice, 20-50 ng of plasmid DNA was added and left on ice for 

30 minutes. The tube was transferred to a 42ºC water bath for 45 s before being 

returned to ice for 2 mins. The culture was made up to 500 µl with LB and incubated 

in a shaking 37ºC incubator for 1 hour. Approximately 20-150 µl of the transformed 

cells were plated on LB plates containing the appropriate antibiotic for selection.  

 

2.6.2 A. tumefaciens competent cell preparation 
A single colony of A. tumefaciens strain GV3101 was selected from gentamicin 10 

µg/ml /rifampicin 50 µg/ml plates and used to inoculate 20 ml of LB media containing 

gentamicin 10 µg/ml and rifampicin 50 µg/ml, which was cultured overnight at 28°C 

with shaking. Two 500 ml flasks of LB were inoculated with 9 ml of the overnight 

culture, and grown at 28°C with shaking until the OD600 was 0.7. The A. tumefaciens 

culture was then chilled on ice for 20 minutes. The flasks were centrifuged at 4000 

g for 15 minutes at 4°C. The supernatant was removed and the pellet resuspended 

in 10 ml of ice cold water. The flasks were centrifuged at 4000 g for 15 minutes at 

4°C. The supernatant was removed and pellet resuspended in 25 ml of ice cold 

water. The flasks were centrifuged at 4000 g for 15 minutes at 4°C. The supernatant 

was removed and pellet resuspended in 5 ml ice cold 10 % glycerol. The 

resuspended pellets were combined and transferred into one 50 ml Falcon conical 
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tube and centrifuged at 4000 g for 15 minutes at 4°C. The supernatant was removed 

and pellet resuspended in 3 ml of ice cold 10 % glycerol. The resuspended pellet 

was divided into 50 μl aliquots in 1.5 ml microfuge tubes, and immediately frozen in 

liquid nitrogen, competent A. tumefaciens cells stored at -80°C remained viable for 

at least 6 months. 

 

2.6.3 Transformation of A. tumefaciens 
The transformation of A. tumefaciens was carried out using a protocol adapted from 

Weigel and Glazebrook (2006). Plasmids were diluted to 15 ng/µL using sterile 

distilled water. Two µl of diluted plasmid was mixed with 50 µl of competent A. 

tumefaciens GV3101 in a 1.5 ml microfuge tube and placed on ice before transfer 

to a prechilled MicroPulser electroporation cuvette (Bio-Rad Laboratories Ltd, 

Hemel Hempstead, UK) with a 0.1 cm gap, and left to chill on ice for 20 minutes. A 

Gene Pulser Xcell™ (Bio-Rad Laboratories Ltd, Hemel Hempstead, UK) was set 

using the pre-programmed A. tumafaciens electroporation protocol (200 W, 

capacitance extender 250 μF, capacitance 25 μF). After electroporation 1 ml of LB 

media was added to the cuvette and then transferred to a 2 ml microcentrifuge tube. 

Electroporated cells were incubated at 28°C for 2-3 hours before plating 70 µl on 

LB plates containing rifampicin 50 µg/ml, gentamycin 10 µg/ml and the plasmid 

specific antibiotic. Plates were wrapped with Parafilm tape and incubated at 28°C 

for 2-3 days. 

 

2.6.4 A. tumefaciens transient expression assay  
Expression vectors containing genes of interest were transferred to A. 

tumefaciens GV3101 using electroportation (described in Section 2.6.3). To 

prepare cells for agroinfiltration 5 ml of LB, containing the appropriate antibiotic for 

selection of the expression vector and rifampicin 50 µg/ml, gentamycin 10 µg/ml 

was inoculated from a glycerol stock of the desired construct by means of a pipette 

tip. The 5 ml starter culture was incubated at 28°C overnight, 1 ml of this culture 

was used to inoculate 50 ml LB containing antibiotics which was cultured overnight. 

The A. tumefaciens cultures were centrifuged for 15 min at 5000 g and then 

resuspended in MMA buffer [10 mM MgCl2, 10 mM 2-(N-morpholino)ethanesulfonic 

acid (MES), 100 µM acetosyringone]. The OD600 of the A. tumefaciens suspension 
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was adjusted to 0.5 with MMA buffer, and the resuspended cells then rested at room 

temperature for 2 h prior to agroinfiltration. A. tumefaciens suspensions were 

infiltrated using a syringe without a needle onto the abaxial side of a N. benthamiana 

leaf. The infiltrated plants were covered with a clear plastic propagation tray for one 

day. Plants were examined for protein expression by microscopy or by 

immunoblotting 3-4 days after agroinfiltration. 

 

 

2.7 Protein methods 
 

2.7.1 Extraction and quantification of proteins from plants 
Protein was extracted from approximately 100 mg of leaf tissue using protein 

extraction buffer [10% glycerol, 25 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM 

EDTA, 0.15% IGEPAL CA-630 (Sigma), 10 mM Dithiothreitol (DTT) and protease 

inhibitor cocktail]. Frozen leaf tissue was ground to a fine powder using a pre-chilled 

pestle and mortar and liquid nitrogen. One ml of extraction buffer was added for 

every 100 mg of leaf tissue. The ground tissue was centrifuged at 10,000 g for 5 

minutes at 4°C using an Eppendorf 5415 R centrifuge (Eppendorf, Stevenage, UK). 

The supernatant was transferred to a clean 1.5 ml micro centrifuge tube and 

centrifuged once more at 10,000 g for 5 minutes at 4°C to remove any remaining 

debris. The supernatant was removed to a clean tube and the amount of protein in 

the samples quantified using Bradford’s dye binding assay (Bradford, 1976). A 

suitable volume of protein extract (1-2 µl/ml) was added to 200 µl Bio-Rad protein 

assay solution [0.02% (w/v) Coomassie Brilliant Blue G-250, 4.75% (v/v) ethanol, 

10% (v/v) phosphoric acid]. The sample was made up to 1 ml with water and left to 

stand for 5 minutes. The OD595 of the sample was measured in a Helios Gamma 

spectrophotometer. The concentration of protein was then estimated using a 

calibration curve prepared with bovine serum albumin (BSA) standards (0.1-20 

mg/ml).  

 

2.7.2 SDS-polyacrylamide gel electrophoresis 
Protein extracted from plant tissue was resolved by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli, 1970). Slab gels 
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comprising an upper 5% (w/v) acrylamide (stacking gel) over a 10% (w/v) 

acrylamide separation gel were prepared from stock solutions of 30% (w/v) 

acrylamide and 1% (w/v) N,N’-bis-methylene acrylamide. The separating gels 

contained 0.37 M Tris-HCL pH 8.7 and 0.1% (w/v) SDS and the stacking gels 

contained 0.143 M Tris-HCL pH 6.8 and 0.1% (w/v) SDS. Gels were polymerised 

by the addition of 0.12% (w/v) Tetramethylethylenediamine (TEMED) and 0.12% 

(v/v) ammonium persulphate. Gels were cast and electrophosed using the Mini-

Protean II Dual Slab Cell system with 10 well combs (Bio-Rad Laboratories Ltd, 

Hemel Hempstead, UK). Gels were polymerised at room temperature for 

approximately 30 minutes. The appropriate amount of protein (1-10 µg) was mixed 

with an at least equal volume of SDS-PAGE sample buffer [50 mM Tris-HCL pH 

6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 100 mM DTT and 0.1% (w/v) bromophenol 

blue]. Before the samples were loaded onto the gel, the protein sample was 

denatured by incubating the samples at 70-90°C for 10 minutes. Gels were run in 

running buffer [0.125 M Tris-HCl pH 8.3, 0.2 M glycine, 0.1% (w/v) SDS] at 150 V 

until the gel front had run off the bottom of the gel.  

 

2.7.3 Immunoblot analysis 
SDS-PAGE gels were transferred to PROTRAN nitrocellulose membrane, pore size 

45 µm (Merck) and probed according to the method of Towbin et al. (1979). 

Electroblotting was carried out using the Mini Trans-Blot electrophoretic transfer cell 

(Bio-Rad). Transfer was carried out at 100 V for 1 hour in transfer buffer [15.6 mM 

Tris-HCl pH 8.3, 120 mM glycine, 20% (v/v) methanol] (Gershoni and Palade, 1982). 

Blots were stained with Ponceau S stain [0.1% (w/v) Ponceau S, 5% (w/v) acetic 

acid] to assess equal loading.  

 

For probing and detection of proteins, membranes were gently shaken in 25 ml 

blocking buffer [phosphate buffered saline with Tween-20 (PBST) (140mM sodium 

chloride, 2.7 mM potassium chloride, 10 mM NaH2PO4, 2 mM KH2PO4, 5% (w/v) 

skimmed milk powder, 0.1% Tween-20)] for 1 hour at room temperature. The blots 

were washed twice for 5 minutes in 20 ml PBST. Blots were then incubated with 10 

ml blocking buffer containing primary antibody [rabbit polyclonal anti-GFP (PABG1) 

(1:1000), mouse monoclonal anti-RFP (6G6) (1:2000) (Chromotek, Planegg-
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Martinsried, Germany), mouse monoclonal anti-GFP (B-2) 1:200 (Santa Cruz 

Biotechnology Inc, Heidelberg, Germany)] and gently shaken overnight at 4°C. The 

blots were washed 3 times for 5 minutes in 20 ml PBST. After washing, blots were 

incubated with 10 ml blocking buffer containing secondary antibody (anti-rabbit or 

anti-mouse IgG conjugated to horseradish peroxidase (HRP) (Promega) 1:10000 

dilution). The blots were shaken gently for 1 hour at room temperature and then 

blots were washed 3 times for 10 minutes in 20 ml PBST. The binding of the 

conjugated HRP-anti-rabbit or -mouse IgG was detected with a chemiluminesence 

assay using the Pierce ECL Western Blotting Substrate according to the 

manufacturers’ instructions (Thermo Fischer Scientific, Paisley, UK). Blots were 

then exposed to Fujifilm super RX-N medical film (FUJIFILM UK Ltd, Bedford, UK) 

and the film developed using an automatic X-ray processor (X-ograph, Compact 

X2) 

 

2.7.4 Immunoprecipitation  
Plant tissue samples for immunoprecipitation experiments were processed as 

described above in Section 2.7.1. Approximately 500-700 µg (around 200-500 µl) 

of total protein was used as input for immunoprecipitation experiments. RFP- or 

GFP-Trap magnetic agarose beads (Chromotek, Planegg-Martinsried, Germany) 

were used for the immunoprecipitation of RFP- or GFP-tagged proteins and anti-

flag M2 magnetic agarose beads (Thermo Fisher Scientific) were used for the 

immunoprecipitation of FLAG-tagged proteins. Before use, magnetic agarose 

beads were equilibrated by washing 3 times in 500 µl ice-cold dilution buffer [10 mM 

Tris-HCl (pH 7.5), 150 mM NaCl, 0.5 mM EDTA], a magnetic rack was used at all 

stages during the experiment to capture the magnetic beads while the supernatant 

was removed. The equilibrated beads were resuspended in dilution buffer to their 

original volume and 25 µl of magnetic beads were combined with the protein 

extraction supernatant (approximately 200-500 µl depending on protein 

concentration) in a 2 ml microcentrifuge tube. The supernatant and magnetic bead 

mixture was then filled to 1.5ml with ice-cold dilution buffer, and placed on a rotary 

incubator for 1 hour at 4°C. The magnetic agarose beads were then washed three 

times with 500 µl ice-cold dilution buffer. After the final wash the remaining dilution 

buffer was removed and magnetic agarose beads were resuspended in 50 μl SDS-
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PAGE sample buffer (Laemmli, 1970) (Section 2.7.2). The re-suspended magnetic 

agarose beads were then boiled for 10 minutes at 95°C to dissociate 

immunocomplexes from the beads. After boiling, microcentrifuge tubes were 

returned to a magnetic rack and the sample buffer was collected and analysed via 

SDS-PAGE or stored in an -80°C freezer for further use.  

 
 

2.8 Confocal laser scanning microscopy  
All confocal microscopy was performed on a Leica Model SP5 (Leica Microsystems 

Ltd, Milton Keynes, UK). GFP was imaged using an excitation maxima of 488 nm 

and emission maxima of 509 nm, RFP at 561 nm and 583 nm and YFP at 514 nm 

and 527 nm, respectively. Image acquisition was conducted at a resolution of 512 

x 512 pixels and a scan rate of 10 μs/pixel. Control of the microscope, as well as 

image acquisition and export as TIFF files, was controlled by Leica LAS software. 

Image analysis was conducted using ImageJ (Version 2.0.0: http://imagej.net). Leaf 

Sections from N. benthamiana were prepared with a scalpel and stuck to a 

microscope slide with double sided sticky tape so that the abaxial surface was 

facing up. 

 

2.8.2 Staining of plant tissue 
Staining of the endoplasmic reticulum was achieved with ER-tracker (Invitrogen). A 

concentration of 1 μM was prepared in PBS and infiltrated with a 1 ml needle-less 

syringe into N. benthamiana through the abaxial leaf surface. Dye was left for 30 

min before re-infiltrating with PBS to remove excess dye. Leaf Sections were then 

imaged using an excitation and emission maxima at 587 nm and 615 nm, 

respectively. The styryl dye FM-4-64 (Invitrogen) was used for the staining of 

membranes. A solution of 25 mM FM-4-64 was prepared in distilled water and 

infiltrated into the leaf through the abaxial surface of N. benthamiana leaves. Images 

were taken 1 hour after infiltration. Leaf Section were then imaged using an 

excitation and emission maxima at 515 nm and 640 nm, respectively.  
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2.9 Arabidopsis PTI assays 
 

2.9.1 Bacterial inoculation by infiltration 

Bacterial inoculum was prepared by streaking out a plate of bacterial colonies one 

day prior to the experiment (Tornero and Dangl, 2001). On the day of the 

experiment, the grown plate of bacterial culture was resuspended in 10 mM MgCl2 

and diluted in a 1:10 ratio prior to optical density measurements at 600nm (OD600) 

with a Helios Gamma spectrophotometer (previously Unicam of Cambridge, 

currently known as Thermo Electron Spectroscopy, Cambridge, UK). An OD600 

reading of 0.1 approximately equates to 1 x 108 colony forming units (CFU)/ml 

(Masclaux and Expert, 1995). The bacterial suspension was diluted appropriately 

to achieve 105 CFU/ml for all infiltration experiments unless otherwise stated. 

Leaves from approximately 4 week old plants grown under short day conditions 

were inoculated with a 1 ml (needle-less) syringe from the tip of the leaf with the 

prepared bacterial suspension (Klement, 1963). Infected plants were covered with 

propagating lids for at least 1 h and were returned to the growth rooms until the day 

of sampling. At two days post inoculation (dpi), unless otherwise stated, leaf 

samples were taken to determine bacterial growth titres. Plant tissue samples were 

taken by recording fresh weight (mg) per leaf. Samples typically containing 20 to 40 

mg of tissue was ground in 400 μl of 10 mM MgCl2 and serially diluted in a 96-well 

V-bottom microtitre plate (Thermo Scientific). A volume of 4 μl from each diluent 

were gently placed on LB agar plates with appropriate selecting antibiotics and 

grown at 25°C for 1-2 days. Corresponding sample diluents with visibly discrete 

bacterial colonies were counted to calculate final CFU. Bacterial growth titres were 

then expressed in CFU/mg, calculations of which are shown below: 

 

where n is the dilution factor of the sample used to count discrete bacterial 

colonies.  
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2.9.2 Preparation of crude extracts from CMV infected plants 

WT Arabidopsis plants were inoculated with Fny-CMV, as described in Section 

2.3.3. After 2-weeks infected systemic tissue was harvested and was frozen in liquid 

nitrogen. The tissue was ground and extracted in 1/10 (wt/vol) PBS-Tween (0.5%) 

overnight on a rotation wheel at 4°C. The extracts were centrifuged three times at 

4000 x g for 15 min to remove cellular debris and were analysed by SDS-PAGE and 

Coomassie staining. Extracts were produced at least three times independently. 

The mock extract derived from mock-inoculated plants was treated exactly the same 

way as extracts derived from virus-infected plants. 

2.9.3 Root growth experiments 

For root growth inhibition experiments, growth conditions were set to a 16 h light/8 

h dark cycle at 21°C, 50% light intensity and at 20°C, respectively (Percival growth 

chamber). Surface-sterilized seeds were sown on 0.5 x MS with 1% (w/v) agar 

(Phyto Agar, Duchefa Biochemie, distributed by Melford Laboratories Ltd.) and 

stratified at 4°C for 2-3 days. Seeds were allowed to germinate vertically in square 

tissue culture plates (Sarstedt Ltd., Leicester, UK). After one week seedlings were 

transferred to new MS plates. Seedlings were imaged immediately after transfer to 

new plants and imaged after 3 and 5 days of further growth. Images were saved in 

JPEG format and analysed by ImageJ (Version 2.0.0: http://imagej.net). Total root 

lengths were traced using the freehand line feature in the software and measured.  

 

 

2.10 Statistical analysis  
The R statistical package 3.2.2 (CRAN-Ma, Imperial College London, UK, www.R-

project.org.) was used for all statistical analysis and tests. Graphs were constructed 

using Microsoft Excel for Mac OS. For all displayed data, mean and standard error 

of the mean (SEM) were calculated. Multiple comparisons of the mean were 

calculated using analysis of variance (ANOVA) and post-hoc analysis of 

significance calculated using Tukey’s HSD test. For conservation plot for Fny- and 

LS-2a protein sequences (Fig. 3.1), plotcon program (EMBOSS package) was used 

with comparison matrix EBLOSUM62 (default) and window size of 10 residues. 
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Chapter 3. Characterising 
PAMP-triggered immunity 
induced by Fny-CMV in 
Arabidopsis 
 

 

3.1 Introduction 
 

The Fny strain of CMV has the potential to induce two types of anti-aphid resistance 

in Arabidopsis: feeding deterrence (antixenosis), and antibiosis (which is toxic to 

aphids) (Westwood et al., 2013a). Previous work carried out in our lab used 

transgenic plants and reassortant viruses consisting of combinations of RNA1, 

RNA2 and RNA3 from Fny- and LS-CMV to study CMV-induced aphid resistance. 

As LS-CMV does not induce aphid resistance in Arabidopsis ecotype Col-0 it was 

possible to map the viral inducer of feeding deterrence encoded by Fny-CMV to 

RNA2 by creating reassortant CMV genomes containing mixtures of genomic RNAs 

derived from either Fny-CMV, or LS-CMV. 

 

In Arabidopsis, feeding deterrence is induced by the Fny-CMV 2a protein, whereas 

antibiosis is triggered by the Fny-CMV 2b protein (Westwood et al., 2013a). During 

CMV infection the 1a protein supresses 2b-induced antibiosis (discussed in Chapter 

4 and 5) resulting in 2a-induced feeding deterrence becoming the dominant anti-

aphid resistance mechanism. During infection with Fny-CMV, several PAMP-

responsive genes, including those induced by PAMPs such as flg22, elf26 and 

chitin, were up-regulated (Groen et al., unpublished results; Westwood et al., 

2013a). This suggested that CMV infection is able to activate some aspects of PTI 

signalling in Arabidopsis, although we do not know if these PTI responses contribute 
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towards aphid resistance. To further characterise the nature of the resistance 

induced by the 2a protein I carried out aphid performance experiments, as well as 

assays to determine how PTI might contribute towards CMV-induced anti-aphid 

resistance. I also carried out experiments to determine if BAK1, a key factor in 

PAMP perception, has any role in CMV-induced anti-aphid resistance. BAK1 was 

previously found to be implicated in resistance to several RNA viruses (discussed 

in Section 1.4.1 Plant antiviral immunity) 

 

 

3.2 Results 

3.2.1 Identifying domains of the Fny 2a protein responsible for induction of 
antixenotic resistance to aphids  

 

In order to determine which domains of the 2a protein may be responsible for the 

activation of antixenosis, I compared the Fny-CMV and LS-CMV 2a protein coding 

sequences in order to identify differences (Fig. 3.1). The RdRp domain (roughly 

residues 300-720) was highly conserved between the two strains suggesting that 

the RdRp is unlikely to be involved directly in inducing antixenosis. The N-terminal 

(residues 1-300) was highly dissimilar between the two strains. This was most 

marked in the sequences flanking residues 70, 160 and 260, which included 

sequences where similarity was low as 20%. The part of the 2a protein ORF 

encoding the C-terminal region which overlaps the 2b ORF was also highly 

dissimilar. However, this region of the 2a protein is unlikely to be responsible for the 

induction of antixenosis, because a truncated version of the 2a protein (encoded by 

the CMV∆2b mutant, which lacks nucleotides 2419-2713 of the Fny-CMV RNA2 

sequence) induced anti-aphid resistance when transgenically expressed in 

Arabidopsis (Westwood et al., 2013a). Additionally, when the dcl2/4 mutant (which 

is deficient in antiviral signalling) were inoculated with CMV∆2b and used in aphid 

performance assays, feeding deterrence was observed (Westwood et al., 2013a). 

The dcl2/4 mutant allows CMV∆2b to accumulate to levels comparable to wild-type 

Fny-CMV (Lewsey et al., 2009). 
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I hypothesised that the region spanning residues 1-300 of the 2a protein was most 

likely to contain amino acid(s) that determine antixenosis induction. From this point 

a colleague (Dr Sun-Ju Rhee) carried out the molecular work for this project. Five 

recombinant cDNA clones encoding chimeric RNA 2 molecules were constructed in 

which the regions encoding the N-proximal 300 residues of the 2a protein comprised 

sequences exchanged between the RNA 2 sequences of Fny-CMV and LS-CMV.  

Constructs were derived from plasmids pFny206 and pLS-CMV2, the respective 

infectious cDNA clones for the Fny-CMV and LS-CMV RNA2 molecules (Rizzo and 

Palukaitis, 1990). Wild-type or recombinant RNA2 molecules were synthesized by 

in vitro transcription using T7 RNA polymerase, and infectious RNA mixtures 

produced by mixing these with in vitro-synthesized Fny-CMV RNAs 1 and 3.   

 

Infectious RNA mixtures for these reassortant and recombinant viruses were used 

to inoculate N. benthamiana plants for preparation of virions to use as inoculum for 

experiments with A. thaliana. The symptoms induced by these recombinant and 

reassortant viruses in N. benthamiana and A. thaliana are shown in Fig. 3.0. In 

Arabidopsis the chimeric viruses accumulated to similar levels, indicating that none 

were compromised in their ability to replicate or spread through the host.    

 

Future work in our lab will aim to characterise the specific host proteins that interact 

with the 2a protein. Several strategies will be used in order to further this research 

theme, including Co-IP and yeast 2-hybrid. A yeast 2-hybrid assay was conducted 

by Choi et al. (2016), who selectively used the CMV-1a helicase domain as bait to 

screen a yeast two-hybrid library derived from a Capsicum annuum cDNA library. 

However, without a clear idea of which 2a sequences are involved this approach 

would be very labour intensive. I initially cloned an infectious clone of RNA2 

containing, so that Co-IP with FLAG tagged 2a proteins from Fny- and LS-CMV to 

develop a proteomic database of plant proteins, which interact with 2a. This method 

uses an antibody raised against a specific antigen (in this case the FLAG tag) to 

specifically bind that protein in the sample. Once host targets are identified, 

Arabidopsis mutants can be produced to test whether aphid performance is affects. 
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Figure 3.0. Systemic disease symptoms on plants infected with reconsulted viruses 

and viral reassortant, and recombinant viruses.  

 
The Fny strain of cucumber mosaic virus reconsulted by mixing synthetic RNAs 

generated by in vitro transcription of clones for Fny-CMV RNAs 1, 2, and 3 (F1-F2-

F3) induced stunting, leaf deformation, and chlorosis in Nicotiana benthamiana 

plants (a) and stunting and leaf deformation in plants of Arabidopsis thaliana Col-0 

(b). A reassortant virus constituted of the RNAs 1 and 3 of Fny-CMV and LS-CMV 

RNA2 (F1-L2-F3) induced milder disease symptoms in both host plants, as 

reassortant viruses possessing recombinant RNAs 2 possessing sequences 
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derived from the RNAs 2 of LS-CMV and Fny-CMV. N. benthamiana plants were 

inoculated with synthetic viral RNA mixtures on lower leaves 2 weeks after 

germination, and plants photographed 11 days later (a). A. thaliana plants were 

inoculated with purified virions (800 ng.μl-1) at the 2-3 leaf stage, and photographed 

22 days later. Mock-inoculated plants were mechanically inoculated with sterile 

water. Scale bars represent 2cm.  
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Figure 3.1. Amino acid sequence alignment and similarity between the Fny- and LS- 

2a protein.  

 

The line graph illustrates the degree of conservation with the window size of ten 

residues obtained using plotcon program (EMBOSS). A diagram of the 2a protein 

ORF is displayed above the conservation plot showing the RNA-dependent RNA 

polymerase (RdRp) domain, and the overlapping 2b ORF. 
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3.2.2 The 2a protein induces antixenosis when transgenically expressed in 
Arabidopsis 

 

During infection, the 2a protein elicits enhanced biosynthesis of an aphid feeding 

deterrent, 4MI3M (Westwood et al., 2013a). In that study, only MRGR was used as 

a measure of aphid performance. I additionally investigated the effects of the 2a 

and 2b protein on aphid reproduction. When 1 day old aphid nymphs were confined 

on transgenic plants expressing viral proteins I observed various effects on aphid 

MRGR and progeny produced (colony size). The 2a protein was previously shown 

to induce 4MI3M production and antixenosis in Arabidopsis, in this experiment I 

observed a significant reduction in MRGR of aphids grown on 2a-transgenic plants 

compared to WT Col-0 plants (Fig. 3.2). In the same experiment the colony size of 

aphids grown on 2a-transgenic plants was significantly reduced after 9 and 12 days 

compared to colony sizes of aphids reared on WT plants. The 2b protein is known 

to induce antibiosis against aphids in Arabidopsis (Westwood et al., 2013a). I 

confirmed that aphid growth rate was significantly decreased on 2b-transgenic 

plants (Fig. 3.3). Similarly, I observed that colony growth was also significantly 

reduced when aphids were maintained on 2b-transgenic plants compared to WT 

Col-0 plants.  
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Figure 3.2. The 2a protein inhibits aphid reproduction, as well as growth rate. 

A single aphid nymph was placed on an individual four-week old non-transgenic 

(NT) Col-0 Arabidopsis plants and a transgenic plant expressing the CMV 2a 

protein. The mean relative growth rate (MRGR) was calculated after 6 days (A) and 

the number of progeny produced were recorded after 6 and 10 days (B). Error bars 

represent standard error of the mean (n=16). Significant differences (P < 0.05, 

Student’s t-test) are marked by an asterisk, non-significant is displayed as (ns). 

Comparisons were made between NT and 2a transgenic plants at each time point 

(B).  
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Figure 3.3. Aphid reproduction as well as growth rate is decreased on transgenic 

Arabidopsis plants expressing viral proteins. 

A, the mean relative growth rate (MRGR) of individual aphids placed on transgenic 

Arabidopsis plants expressing either the Fny-CMV 2b or the Fny-CMV 2a protein or 

non-transgenic (NT) plants. B, sizes of aphid colonies produced from initial 

infestations of single one-day-old nymph at 10 days post-infestation. Different letters 

are assigned to significantly different groups (One-way ANOVA with post-hoc 

Tukey’s tests: P < 0.05). Error bars represent standard error of the mean calculated 

from the measurement of 20 aphids for (A), and the mean number of aphids from 

20 plants (B). 
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Figure 3.4. Symptoms of CMV-infected and phenotypes of transgenic Arabidopsis 

plants constitutively expressing various Fny-CMV proteins. 

Upper panel, mock indicates a mock-inoculated plant. Plants inoculayed with Fny-

CMV or LS-CMV were photographed at 14 days post-inoculation. Lower panel, 

appearance of plants (from independent transformed lines) expressing transgenes 

encoding the Fny-CMV 1a and 2b protein under the control of the constitutive 

cauliflower mosaic virus 35S promoter. Non-transgenic (NT). Plants were five 

weeks old when photographed. The construction of transgenic plants is described 

in Section 2.2.2 Arabidopsis Accessions and Mutants. Scale bar represents 1 cm. 
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3.2.3 Determining the role of BAK1 in CMV-induced aphid resistance 

 

The PRR co-receptors BAK1 and BKK1 have been implicated in antiviral defence 

in Arabidopsis, as Arabidopsis bak1 mutants were shown to have increased 

susceptibility to three RNA viruses, while crude extracts of virus-infected leaf tissue 

also induced a typical PTI responses in a BAK1-dependent manner (Kørner et al., 

2013) (discussed in Section 1.4.1). I carried out aphid performance assays to 

determine if BAK1 is involved in CMV-induced anti-aphid resistance. In two out of 

three experiments, the growth rate of aphids reared on infected bak1-5 plants was 

not significantly different compared to the growth rate of aphids on uninfected bak1-

5 plants (Fig. 3.5A). Although in one experiment CMV-induced aphid resistance was 

still observed in bak1-5 plants (Fig. 3.5C). This observation suggested that anti-

aphid resistance was still induced by CMV in bak1-5 mutants. However, this results 

is further discussed in Section 3.3.3. CMV-induced anti-aphid resistance was not 

observed in bak1-5 plants when MRGR was measured, but in all experiments 

colony size was significantly reduced compared to mock inoculated bak1-5 plants. 

 

I repeated aphid performance assays using bak1-5 bkk1 double mutant plants and 

observed that M. persicae MRGR was not significantly different compared to the 

growth rate of aphids on uninfected bak1-5 bkk1 plants (Fig. 3.5C). This was 

observed in three experiments. Previous work carried out in our group 

demonstrated that CMV-induced aphid resistance still occurs in bkk1 mutant plants 

(Groen et al., unpublished results). In total, my results, and those observed since, 

suggest that BAK1-mediated signalling plays an important role in CMV-induced anti-

aphid resistance to M. persicae. However, BAK1 appears to only regulate CMV-

induced signalling that affects aphid MRGR but not aphid colony growth, suggesting 

that two distinct resistance pathways that affect aphid performance are induced by 

CMV in Arabidopsis. 
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Figure 3.5. CMV infection appears to induce two distinct forms of resistance to M. 

persicae, only one of which may be BAK1-dependent. 

The mean relative growth rate (MRGR) of individual aphids placed on WT Col-0, 

bak1-5 (A) and bak1-5 bkk1 (C). The colony size was recorded 10 days after 

infestation (B, D). Significant differences (P < 0.05, Student’s t-test) are marked by 

an asterisk, non-significant is displayed as (ns). Error bars represent standard error 

of the mean calculated from the measurement of 16 aphids for A, and 20 aphids for 

C, and the mean number of aphids from 16 plants for B and 20 plants for D. 

Experiments A, B and C, D were carried out independently. 

  



Chapter 3. Characterising PAMP-triggered immunity induced by Fny-CMV in Arabidopsis 

  66 

3.2.4 CMV-induced resistance affects specialist and generalist aphids 
differently  

 

I found that the effects of a virus on host plant biochemistry can affect aphid species 

differentially. CMV-induced antixenosis (as indicated by decreased MRGR) in 

Arabidopsis depends on feeding deterrence mediated by the conversion of the most 

abundant indole glucosinolate, I3M, into the more effective deterrent 4MI3M, in a 

mechanism that is triggered by the 2a protein (Westwood et al., 2013a) (discussed 

in Section 1.6 Plant immunity triggered by CMV). Certain Brassicaceae specialist 

aphids are able to tolerate glucosinolates produced by host plants (Kazana et al., 

2007). I set up aphid performance assays using the generalist aphid M. persicae 

and the Brassicaceae specialist aphids B. brassicae and L. erysimi to determine if 

CMV-induced anti-aphid resistance is effective against specialist aphids. In these 

experiments I included the bak1-5 and bak1-5 bkk1 mutants to observe if CMV-

induced anti-aphid resistance affected colony growth of specialist aphids, as this 

would help determine which of the two resistance mechanisms discussed in Section 

3.2.3 were relevant.  

 

As previously observed, CMV infection caused a significant reduction in growth rate 

of M. persicae growth rate confined on these plants (Fig. 3.6A). In this experiment 

a significant reduction in M. persicae growth rate was observed in CMV-infected 

bak1-5 plants, but not bak1-5 bkk1 plants. CMV infection caused a significant 

reduction in M. persicae colony size in WT, bak1-5 and bak1-5 bkk1 mutants 

compared to mock inoculated control plants (Fig. 3.6B). 

 

In experiments using the specialist aphid B. brassicae I observed no significant 

difference in the growth rate of aphids grown on CMV-infected compared to mock-

inoculated plants, this was observed in WT, bak1-5 and bak1-5 bkk1 plants (Fig. 

3.6C). Interestingly, I also observed a reduction in colony size of B. brassicae reared 

on CMV-infected plants compared to mock-inoculated plants in WT and mutant 

plants (Fig. 3.6D). In experiments using another specialist aphid, L. erysimi, I 

observed no significant different in the growth rate of aphids grown on CMV-infected 

compared to mock-inoculated plants. This was observed in WT, mutant bak1-5 and 
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bak1-5 bkk1 plants (Fig. 3.6E). The colony sizes of L. erysimi reared on CMV-

infected WT, bak1-5 and bak1-5 bkk1 plants were not significantly different to 

aphids reared on mock inoculated plants (Fig. 3.6F). These results suggests that 

specialist aphids are more tolerant of CMV-induced resistance, as the growth rate 

of both B. brassica and L. erysimi were unaffected on plants that were CMV-

infected. However, in the case of B. brassica the production of nymphs was 

decreased on CMV-infected plants suggesting that aphid reproduction can be 

impacted even if the growth rate of individual aphids is unaffected. This supports 

my previous work which suggests there are two anti-aphid resistance mechanisms 

that are induced by CMV (summarised in Table 3.1). 
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Table 3.1. CMV-induced resistance consists of two resistance mechanisms. 

 
CMV-induced resistance is able to induce two distinct pathways in Arabidopsis that 

affect generalist aphids (Myzus persicae) and specialist aphids (Brevicoryne 

brassicae, Lipaphis erysimi) differently. BAK1 is involved in the defence signalling 

that affects aphid MRGR. Whereas, BAK1-independent defence signalling appears 

to influence aphid reproduction. The involvement of BAK1-dependent and BAK1-

independent pathways in resistance to the three aphid species test is summarised 

in the table above. Whether aphid performance was increased, decrease or was not 

significant changed is indicated by the direction of arrow, or ns for not significant. 

 

 

 

 

 

 

 



Chapter 3. Characterising PAMP-triggered immunity induced by Fny-CMV in Arabidopsis 

  69 

 
Figure 3.6. CMV-induced changes in specilalist and generalist aphid performance 

on wild-type Arabidopsis, bak1 and bak1 bkk1 mutant plants. 

The mean relative growth rate (MRGR) of individual aphids placed on WT Col-0, 

bak1-5 and bak1-5 bkk1 double mutants was recorded for M. persicae (A). B. 

brassicae (C) and L. erysimi (E). One-day-old nymphs were placed on Arabidopsis 
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mutants and allowed to feed for five days, after weighing the aphids were returned 

to the plant and colony size was then recorded at 10 days for M. persicae (B). B. 

brassicae (D) and L. erysimi (F). Significant differences between mock-inoculated 

and CMV-infected for each genotype (P < 0.05, Student’s t-test) are marked by an 

asterisk, non-significant is displayed as (ns). Error bars represent standard error of 

the mean calculated from the measurement of 16 aphids for (A,C,E),and the mean 

number of aphids from 16 plants for (B,D,F). 
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3.2.5 Aphid performance is not affected in flg22-treated plants 

 

BAK1 acts as a co-receptor for the receptor FLS2, and the pair activate immune 

signalling after perception of the 22-amino acid epitope of bacterial flagellin, flg22, 

a well-characterized MAMP (Chinchilla et al., 2007; Heese et al., 2007) (discussed 

in Section 1.4 Plant innate immunity). I previously determined that the 2a protein 

can induce aphid resistance in Arabidopsis. I carried out experiments to determine 

if the PTI defences induced by foliar application of flg22 cause resistance to aphids. 

As a control experiment, Arabidopsis plants were sprayed with water (mock 

treatment) or a solution of 1 µM flg22 1 day prior to a inoculation with virulent 

Pseudomonas syringae pv. tomato (Pst). As expected, control plants exhibited 

flg22-induced resistance to virulent Pst (Fig. 3.7). Arabidopsis WT Col-0, bak1-5 

and bak1-5 bkk1 plants were sprayed with a foliar application of 1 µM flg22 one day 

prior to addition of a day-old nymph. I observed that the MRGR of M. persicae was 

not significantly different between mock and flg22-sprayed plants (Fig. 3.8A). This 

suggests that M. persicae is not affected by the PTI responses induced by flg22. 

The experiment was repeated using an increased concentration of flg22 solution (2 

µM) but a similar result was observed (Fig. 3.8B). 
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Figure 3.7. Foliar application of flg22 induces PTI in Arabidopsis. 

Leaves of Arabidopsis plants were sprayed with a control treatment (water) or a 1 

μM flg22 solution and 1 day later the same leaves were spray-inoculated with 

virulent Pseudomonas syringae pv. tomato (105 colony-forming units (CFU)/ml). 

Leaf tissue was sampled at 3 days post-inoculation and leaf extracts serially diluted 

to determine bacterial titres. There is a significant difference (P < 0.05, Student’s t-

test) between bacterial growth in control and flg22-treated plants. Error bars 

represent standard deviation of the mean calculated from the measurement of 

bacterial population from 5 plants for each treatment. 
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Figure 3.8. Aphid resistance is not induced by flg22 foliar application. 

The mean relative growth rate (MRGR) of individual aphids placed on WT (Col-0) 

and on bak1-5, and bak1-5 bkk1 double mutants, that had been sprayed one day 

prior with 1 µM (A) or 2 µM (B) of flg22 solution, or with water (Control). One-day-

old nymphs were placed on Arabidopsis mutants and allowed to feed for five days. 

There was no significant difference between any of the treatments in both 

experiments (One-way ANOVA with post-hoc Tukey’s tests). Error bars represent 

standard error of the mean, n=15 aphids for each treatment. 
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3.2.6 CMV infection can induce the BAK1-dependent root growth inhibition 
response 

 

I prepared crude extracts of CMV-infected or mock-treated control Arabidopsis 

plants and compared their activities in a seedling growth-inhibition assay (Gómez-

Gómez et al. 1999; Wang et al. 2010). Seedling root growth is highly sensitive to 

flg22. I used this assay to investigate if crude extracts of CMV-infected plants could 

activate the typical BAK1-dependent response of inhibited root growth after 

perception of PAMPs/DAMPs (Schwessinger et al., 2011). This was previously 

observed with three other positive-strand RNA viruses (Kørner et al., 2013) (Section 

1.4.1). 

 

I first set up an experiment using the application of flg22 to determine if CMV 

proteins or CMV-infected plant extract induce root growth inhibition (Fig. 3.9). 

Seedlings were germinated on MS medium and after one week were transferred to 

MS agar plates containing 10 nM or 1 µM flg22. After 3 days on flg22 containing 

plates seedling root growth was significantly reduced compared to seedlings grown 

on unamended agar plates (Fig. 3.9). 

 

I transferred one week old Col-0 seedlings to MS agar plates containing crude 

extracts of CMV-infected or mock-inoculated plants and measured their root growth 

at 0, 3 and 5 days after transfer (Fig. 3.10). Mock-inoculated and CMV-infected 

extracts from WT Arabidopsis plants were purified and incorporated into the MS 

agar media at concentration of 0.01% (v/v) and 1% (v/v) (Kørner et al., 2013). The 

root growth of seedlings transferred to media containing CMV-extracts was 

significantly inhibited by both dilutions (Fig. 3.10). 

 

Previous work in our lab demonstrated that crude extracts of CMV-infected N. 

benthamiana leaves inhibited root growth in both wild type and fls2c mutant 

seedlings (Groen et al., unpublished results). I wanted to investigate if BAK1 was 

involved in the root growth inhibition induced by CMV- infected Arabidopsis extracts. 

I set up a similar root growth assay using bak1-5 and bak1-5 bkk1 mutant seedlings 

(Fig. 3.11). The positive control treatment of flg22 caused root growth inhibition in 
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wild type seedlings, but not in the bak1-5 or bak1-5 bkk1 mutants as expected (Fig. 

3.11). Treatment with CMV-infected Arabidopsis extracts induced root growth 

inhibition in WT seedlings, but bak1-5 and bak1-5 bkk1 mutant seedlings did not 

respond to CMV-infected plant extracts. These results confirmed that viral or plant 

components produced during CMV infection are able to induce a typical BAK1-

dependent immune response. 

 

To determine if root growth inhibition was due to plant- or virus-derived compounds 

I treated plants with purified CMV virions from infected N. benthamiana leaves 

(Section 2.3.2 Virus Preparation), or with plant extracts. Seedling root growth was 

significantly reduced when exposed to CMV-infected plant extract (Fig. 3.12). But 

amended MS media with highly purified CMV virions (100 ng/µl) did not induce root 

growth inhibition. This shows that the elicitor of root growth inhibition is produced as 

a results of infection but is not the CMV CP or RNA. 
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Figure 3.9. Arabidopsis root growth is inhibited by the application of PAMPs. 

Arabidopsis WT seedlings were germinated on solid MS medium, after 

approximately one week seedlings were transferred to new MS plates containing 

10 nM or 1 µM flg22. Root length was measured when seedlings were transferred 

to the treated plates and then 3 days later. Different letters indicate significant 

differences (One-way ANOVA with post-hoc Tukey’s tests, P < 0.05). Twenty 

seedlings were used for each treatment group. These experiments were repeated 

three times with different sets of extracts and similar results were obtained. 
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Figure 3.10. CMV-infected plant extract inhibit root growth inhibition in Arabidopsis 

seedlings. 

Arabidopsis Col-0 seedlings were germinated on solid Murashige-Skoog (MS) 

medium, after one week seedlings were transferred to new MS plates containing 

extracts from mock- or CMV-infected plants at concentrations of 1% (v/v) or 0.01% 

(v/v). Root length was measured when seedlings were transferred to the treated 

plates (Day 0) and subsequently at 3 and 5 days after transfer. As I was only 

interested in differences in root growth at individual time points I carried out a one-

way ANOVA to compare treatment groups at each time point. Significant differences 

between treatments at each time point were determined using post-hoc Tukey’s test 

(P < 0.05), and significant differences indicated by different letters. Root growth of 

18 and 22 seedlings was measured for each treatment. These experiments were 

repeated twice with different sets of extracts and similar results were obtained. 
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Figure 3.11. Crude extracts of CMV-infected Arabidopsis contain elicitors that 

induce BAK1-dependent PTI responses. 

Arabidopsis wild-type (WT), bak1-5 and bak1-5 bkk1 seedlings were germinated on 

solid MS medium. After one week seedlings were transferred to new MS plates 

containing 1 µM flg22 or extracts from mock-inoculated (mock) or CMV-infected 

plants (1% v/v). Root length was measured when seedlings were transferred to the 

treated plates and subsequently at 3 days later. One-way ANOVA was used to 

compare treatment groups for each genotype (WT, bak1-5, bak1-5 bkk1). 

Significant differences between treatments for each genotype were determined 

using post-hoc Tukey’s test (P < 0.05), and indicated by different letters. Root 

growth of between 15 and 20 seedlings was measured for each treatment.  
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Figure 3.12. Root growth inhibition is triggered by CMV-infected plant extract and 

not by purified virions. 

Arabidopsis WT seedlings were germinated on solid MS medium, after one week 

seedlings were transferred to new MS plates containing extracts from mock-

inoculated and CMV-infected plants (1% v/v) or purified CMV virions (100 ng/µl). 

Root length was measured when seedlings were transferred to the treated plates 

and subsequently 3 days after transfer. Different letters indicate significant 

differences between treatments (One-way ANOVA with post-hoc Tukey’s tests P < 

0.05). Root growth of between 18 and 20 seedlings was measured for each 

treatment. 
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3.3 Discussion 
 

3.3.1 The N-terminal domain of the Fny 2a protein is responsible for induction 
of antixenotic resistance to M. persicae 

 
In this chapter, I built on previous work from our group that identified that CMV-

induced anti-aphid resistance in Arabidopsis largely depends on the induction of 

antixenosis. This antixenosis is mediated by conversion of the indole glucosinolate, 

I3M, into the more effective aphid feeding deterrent 4MI3M by CYP81F2, in a 

mechanism that is triggered by the 2a protein (Westwood et al., 2013a). I further 

characterised the type of resistance induced by the 2a protein and identified the 

most likely regions in the 2a protein sequence responsible for inducing antixenosis.  

 

The 2a protein sequence contains an RdRp domain located around residues 308-

738 which was highly conserved between the two CMV strains, suggesting this 

region is unlikely to induce antixenosis. Residues 1-300 of the 2a protein contain 

regions of low similarity. At this point in my project I started to investigate the role of 

the 1a protein in suppression of 2b-induced antibiosis (discussed in Chapter 4 and 

5), and a colleague took over my work on identifying which 2a protein region were 

responsible for inducing feeding deterrence.  

 

This sequence analysis information I generated was used to generate a series of 

chimeric LS-CMV containing regions of Fny-RNA 2 (Rhee et al., in preparation). 

These chimeric viruses were used to inoculated Arabidopsis plants which were used 

in aphid performance assays. It was observed that residues 200-300 of the Fny 2a 

protein were crucial in inducing aphid resistance. There are 27 amino acid variations 

between the Fny and LS 2a protein sequence in the 200-300 region.  

 

Work carried out by my colleague Dr Sun-Ju Rhee mapped each mutation and 

determined that the valine at position 237 in the Fny-CMV 2a protein sequence 

plays a role in the induction of antixenosis against aphids in CMV-infected A. 

thaliana. The replacement of isoleucine at this position in the LS-CMV 2a protein 

sequence with valine had a marked effect on aphid performance which was initially 
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surprising since both amino acids have hydrophobic side chains, making the I237V 

replacement conservative relative to some of the other sequence replacements.  

 

It remains unknown how valine residue 237 of the Fny-CMV 2a protein might induce 

antixenosis against aphids in A. thaliana. The working hypothesis concluded from 

this research is that this residue may directly or indirectly facilitate an interaction 

between the Fny-CMV 2a protein with a host factor involved in either defensive 

signalling, or in the regulation of metabolism, leading to increased production of 

4MI3M and/or other compounds that influence aphid feeding behaviour. 

 

 

3.3.2 Determining the role of BAK1 in CMV-induced aphid resistance 

 

Previous studies observed that mutants in BAK1 displayed increased susceptibility 

to three different RNA viruses, ORMV, TMV, and TCV (Korner et al., 2013). 

However, BAK1 is not only important for regulation of innate immunity but also 

involved in cell-death control and brassinosteroid (BR) signalling, a phytohormone 

important for plant growth (Li et al. 2002; Wang et al. 2008). My results show that 

certain host or viral factors are either directly or indirectly recognised by the PTI 

surveillance system in a BAK1-dependent manner. 

 

To exclude the possibility that the increased susceptibility of bak1-4 mutants 

(knockout mutants) to RNA viruses results from an impairment in BR signalling, I 

used the bak1-5 mutant in aphid performance assays (Schwessinger et al. 2011). 

The bak1-5 mutant contains a point mutation in a single amino acid that disrupts its 

role in defence responses. It is impaired in FLS2-dependent PTI signalling but it is 

not impaired in cell death control and in BR signalling (Roux et al., 2011; 

Schwessinger et al., 2011). I observed that M. persicae reared on CMV-infected 

bak1-5 plants the MRGR, although slightly reduced, was not significantly different 

compared to aphids on control bak1-5 plants (Fig. 3.6A).  

 

 Although aphid MRGR was not significantly reduced on infected bak1-5 plants, 

aphids produced significantly less progeny on CMV-infected bak1-5 plants 
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compared to aphids on control bak1-5 plants (Fig. 3.6B). However, in one repeat of 

this experiment I observed that aphid MRGR was significantly reduced on CMV-

infected bak1-5 plants compared to control bak1-5 plants (Fig. 3.6C). However, it is 

likely that the bak1-5 seed stocks used in our lab at this time were contaminated 

with WT plants. Subsequent work in our group has since isolated pure bak1-5 lines. 

These lines were then used to demonstrate that CMV-induced anti-aphid resistance 

is not observed in bak1-5 plants (Groen et al., unpublished results). 

 

Testing the role of BKK1 in the absence of BAK1 is normally hindered by the fact 

that the double bak1 bkk1 mutants show constitutive activation of cell death (He et 

al., 2007). As I used the bak1-5 allele, this mutation does not impaired in BR 

signalling and that does not confer deregulated cell death when combined with bkk1 

mutations (Schwessinger et al., 2011). We previously observed that CMV-induced 

anti-aphid resistance was still present in the bak1-4 and bkk1-1 mutants (Groen et 

al., unpublished results). Therefore, due to space and time limitations I did not 

include these mutants in my experiments. Instead I continued to focus on the bak1-

5 and bak1-5 bkk1 mutant plants. The bak1-5 bkk1 double mutant was impaired in 

CMV-induced aphid resistance (Fig. 3.6C). 

 

My results discussed here and recent work from our group has led to the hypothesis 

that there are two parallel defensive signalling pathways induced by CMV in 

Arabidopsis which affects aphid performance. The first pathway appears to affect 

aphid growth rate (shorter term) which involves BAK1. The second pathway affects 

aphid fecundity (longer term) which involves JA signalling.  

 

3.3.3 Aphid performance is not affected in flg22 treated plants 

 

In transcriptome experiments CMV induced transcripts overlapped with typical PTI 

responses triggered by PAMPs ( flg22, elf26, and chitin) (Westwood et al., 2013a). 

I induced a PTI response in Arabidopsis plants with application of flg22. There was 

no effect on aphid MRGR. This initially suggested that the PTI responses induced 

by CMV might not affect aphids. However, as BAK1 is required for the pathway that 

regulates defences that affect aphid MRGR it suggests the PTI response during 
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virus infection is either stronger, or that additional defences are required. In this 

work I did not investigate if flg22 application combined with virus infections leads to 

a potentiated defence response. Future work should investigate if flg22 application 

to virus-infected plants induces a stronger defence response when compared to 

control virus-infected plants. This may lead to a primed defence response and which 

may help in characterising if PTI is induced during CMV infection. 

 

I observed that Arabidopsis root growth inhibition is triggered by a extracts from 

virus infected plants. This was also dependent on functional BAK1 signalling. This 

suggests BAK1 is able to perceive an extracellular viral PAMP or DAMPs produced 

as a consequence of infection. BAK1 is required for the establishment of PTI by 

ligand-induced heteromerization with surface-localised PRRs. Characterised PRRs 

that require BAK1 for signalling include FLS2, EFR, and PEPR1/PEPR2 (Chinchilla 

et al., 2007; Heese et al., 2007; Krol et al., 2010; Roux et al., 2011). We previously 

observed that CMV-infected plant extracts still induced PTI responses in fls2 

mutants plants (Groen et al., unpublished results). We have not tested whether 

pepr1 pepr2 mutant plants respond to CMV-infected plant extracts. Previously it 

was observed that there was no difference in susceptibility of pepr1 pepr2 double 

mutants to TCV infection, and AtPep signalling was not involved in resistance to 

TCV (Kørner et al., 2013). But in the case of CMV, BAK1 appears to not contribute 

against resistance to CMV. CMV replication in bak1 and bkk1 single and 

combinatorial mutants showed no alterations in CMV accumulation compared to 

wild type plants (Groen et al., unpublished results). Overall my results suggest that 

BAK1 is not involved in resistance to CMV, but is involved in perceiving CMV 

infection. Currently, we do not know if BAK1 is involved in directly recognising CMV, 

or indirectly by responding to DAMPs produced by viral infection. It would be 

interesting to explore the role of BAK1 in CMV recognition by using extracts from 

2a-transgenic plants, or purified viral proteins. If root growth inhibition can be 

observed after application of purified viral proteins then it may suggest that CMV is 

recognized by a yet-unknown BAK1-dependent receptor. 
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Chapter 4. The CMV 1a protein 
interacts with the 2b protein and 
regulates the induction of 
antibiosis in Arabidopsis 
 

 

4.1 Introduction 
 

In Arabidopsis, CMV infection triggers antixenosis in a process mediated by the 

interplay of three viral proteins (1a, 2a and 2b) (Westwood et al., 2013a). The 2b 

protein influences host-aphid interactions in a number of host species (Westwood, 

2013, 2014; Wu et al., 2017; Ziebell et al., 2011). In tobacco, the 2b-deficient mutant 

(CMV∆2b) induces antibiosis resulting in increased aphid mortality (Ziebell et al., 

2011). In tobacco, the 1a protein is the factor that triggers antibiosis, but during 

infection with wild-type CMV induction of antibiosis is counteracted by the 2b protein 

(Tungadi et al., 2020; Ziebell et al., 2011). The Fny-CMV 2b protein appears to have 

the opposite effect in Arabidopsis. Constitutive expression of the Fny-CMV 2b 

protein in transgenic Arabidopsis plants induces antibiosis and developmental 

abnormalities (Lewsey et al., 2007; Westwood et al., 2013a). In Arabidopsis, AGO1 

negatively regulates antibiosis. Inhibition of AGO1 by the Fny-CMV 2b protein 

prevents AGO1 from targeting mRNAs, leading to the induction of antibiosis (Kettles 

et al., 2013; Westwood et al., 2013a).  

 

Previous work in our group investigating 2b-induced antibiosis in Arabidopsis 

(Westwood et al., 2013a), led me to hypothesise that the 1a protein and 2b protein 

interact either directly or indirectly. I initially generated fluorescently tagged 1a, 2a 

and 2b proteins to observe changes in localisation resulting from interactions 
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between combinations of proteins. I subsequently generated BiFC constructs and 

carried out co-immunoprecipitation assays to confirm direct interactions.  

 

 

4.2 Results 

4.2.1 The CMV 1a protein inhibits 2b-induced resistance to aphid colony 
growth  

 

Westwood and colleagues (2013) showed that the MRGR of aphids confined on 2b-

transgenic plants was significantly reduced, but antibiosis was not induced when 

aphids were reared on doubly transformed 1a/2b-transgenic plants. I observed that 

another aphid performance indicator (aphid reproduction) was also negatively 

affected when aphids were confined on transgenic plants expressing the 2b protein 

(Fig. 4.1). Aphid colony growth on 2b-transgenic plants was significantly decreased 

compared to colony growth on non-transgenic plants, but no reduction of colony 

growth occurred on 1a-transgenic plants or on double 1a/2b-transgenic plants (Fig. 

4.1). This shows that 2b-induced antibiosis affects not only decreases the MRGR 

of individual aphids but also their ability to reproduce, and that the 1a protein is able 

to inhibit 2b-induced antibiosis.  
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Figure 4.1. Aphid colony growth on transgenic Arabidopsis plants expressing the 1a 

and 2b proteins. 

Individual one-day-old M. persicae nymphs were placed on plants and number of 

offspring (colony size) counted at 10 days post-infestation. Aphids were placed on 

plants that were: non-transgenic (NT) or transgenic plants expressing the CMV 2b 

protein, the CMV 1a protein or both. Different letters are assigned to significantly 

different groups (One-way ANOVA with post-hoc Tukey’s tests, P<0.05). Error bars 

represent standard error of the mean, calculated from mean colony sizes from 16 

plants per treatment. 
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4.2.2 Subcellular localisation of 1a, 2a and 2b CMV proteins 

 

The aphid performance assays carried out on transgenic plants (Fig. 4.1), led me 

to investigate the possibility that the 1a protein and 2b protein proteins interact with 

each other either directly, or indirectly, for example by competing for binding to a 

cellular factor such as AGO1. To determine if a direct 1a-2b protein-protein 

interaction was likely, I studied the subcellular distribution of the 2b or 1a protein 

that were fused with either GFP or RFP (described in Section 2.5.6). Fusion proteins 

were expressed transiently in N. benthamiana leaves by agroinfiltration, and 

fluorescence was imaged by confocal laser scanning microscopy. The 2b-RFP 

protein was generated by fusing the 2b protein C terminus with RFP, and GFP-2b 

by fusion of GFP to the N terminus of the 2b protein. Consistent with previous 

investigations (González et al., 2010), 2b-RFP and GFP-2b were observed in the 

nucleus and cytoplasm (Fig. 4.2A,B).  

 

Fluorescently tagged versions of the 1a protein were made with N-terminal fusions 

with either RFP (RFP-1a) or GFP (GFP-1a). Both RFP-1a and GFP-1a aggregated 

as punctate ‘specks’ (Fig. 4.2C,D). These specks consisted of individual foci that 

also clustered to form larger aggregations. Some of the 1a aggregates, as well as 

the smaller 1a foci appeared to associate close to the cell membrane (Fig. 4.2C, left 

panel). To determine if the 1a protein associated with intracellular membranes the 

styryl membrane-binding dye FM-4-64 was used to stain leaf tissue agroinfiltrated 

with GFP-1a. Despite the fact that in several experiments, GFP-1a foci were 

observed close to the cell membrane, there was no strong indication of co-

localisation between the larger 1a protein aggregates and FM-4-64 dye (Fig. 4.2E). 

To determine if larger GFP-1a aggregations corresponded to ER-derived vesicles, 

leaves agroinfiltrated with GFP-1a were stained with the dye, ER-tracker (Fig. 4.2E). 

No co-localisation was observed between the GFP-1a and ER-tracker, indicating 

that the 1a protein aggregations are not localised to ER-derived vesicles. 

 

The 2a protein was fused at its C-terminus to RFP (2a-RFP) or GFP (2a-GFP). Both 

2a-RFP and 2a-GFP seemingly accumulated in the nucleus and cytoplasm (Fig. 

4.3). This localisation pattern differed from previous reports, which did not detect 2a 
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in the nucleus (Cillo et al., 2002). When 2a-GFP was co-expressed with RFP-1a, 

RFP-1a still localised to ‘specks’ in the cytoplasm. The 2a-GFP signal still showed 

nuclear and cytoplasmic localisation, but also colocalised with 1a to cytoplasmic 

‘specks’ (Fig. 4.3).  
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Figure 4. 2. Subcellular localisation of the CMV 1a and 2b proteins. 

The GFP- and RFP-1a protein fusions were expressed in N. benthamiana leaves 

by agroinfiltration and images recorded 3-4 days later by confocal laser scanning 

microscopy. Consistent with previous investigations of the Fny-CMV 2b protein (Du 

et al., 2014a; González et al., 2010), GFP-2b (A) and 2b-RFP (B) accumulated in 

the nuclei and cytoplasm. In contrast, GFP-1a (C) and RFP-1a (D) accumulated as 

punctate specks of varying size. At higher magnification (C, right panel) GFP-1a 

accumulation at the cell periphery could be observed. However, staining with a 

membrane-binding dye (FM-4-64) indicated that the larger GFP-1a aggregations 

did not co-localise with the cell membrane (E). Staining with ER-tracker (F) did not 

indicate co-localisation of GFP-1a with the endoplasmic reticulum network.  
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Figure 4.3. The 1a protein alters the localisation of the 2a protein observed using 

confocal microscopy.  

 

Fluorescence derived from CMV 2a protein tagged at its C-terminus with GFP or 

RFP showed a similar pattern of localisation observed from GFP-2b or 2b-RFP (Fig. 

4.2), localising to both the nucleus and cytoplasm. When 2a-GFP and RFP-1a were 

co-expressed (lower panel), the localisation of 2a-GFP was altered. Fluorescence 

originating from RFP-1a accumulates at ‘specks’ similar to those seen when the 1a 

protein was infiltrated by itself (Fig. 4.2). Fluorescence derived from 2a-GFP still 

localised to the nucleus and weekly to the cytoplasm but showed a change in 

localisation in the presence of 1a, which causes it to colocalise with 1a to the 

characteristic ‘specks’ reported earlier. 
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4.2.3 The 1a protein localises to P-bodies 

 

The orthologous 1a protein of brome mosaic virus (BMV) associates with 

cytoplasmic processing bodies (P-bodies) (Beckham et al., 2007). I hypothesised 

that the CMV 1a protein may also associate with P-bodies, which would be 

consistent with the punctate distribution of the 1a protein (Fig. 4.2C,D). A. 

tumefaciens cells harbouring the RFP-1a construct were co-expressed with the P-

body marker DCP1-GFP. When infiltrated individually, DCP1-RFP and DCP1-GFP 

formed punctate specks (Fig. 4.4A). When DCP1-GFP was co-expressed with RFP-

1a the two proteins were observed to strongly co-localise (Fig. 4.4B). Thus, a large 

portion of RFP-1a protein appears to associate with P-bodies. 
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Figure 4.4. The P-body marker DCP1 colocalises with the 1a protein. 

Agroinfiltrated N. benthamiana leaves were imaged by confocal microscopy. A, 

Fluorescence from DCP1-GFP was observed as punctate specks with varying size. 

The localisation pattern of DCP1-GFP resembled that of GFP/RFP-1a. RFP-DCP1 

fluorescence was brighter than DCP1-GFP and much more visible throughout the 

cell. RFP-DCP1 could be observed in small foci associated with the periphery of the 

cell, presumably P-bodies. B, When RFP-1a was co-expressed with DCP1-GFP 

strong co-localisation between DCP1 and the 1a protein was observed. 
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4.2.4 The 1a protein redistributes the 2b protein 

 

To assess if the localisation of the 2b or 1a protein is altered when both viral proteins 

are present in vivo, 2b and 1a proteins with different fluorescent tags were co-

expressed into N. benthamiana leaves. When agroinfiltrated singly, fluorescence 

due to GFP-2b or 2b-RFP proteins accumulated in the cytoplasm and nucleus (Fig. 

4.5A,B). However, when co-expressed with 1a protein, the 2b proteins also co-

localised to the fluorescent ‘specks’ (Fig. 4.5C,E) observed for GFP-1a protein 

localisation (Fig. 4.5D). When the RFP-1a construct was co-expressed with a 

construct encoding free, unfused GFP (35S:GFP), I did not observe re-localisation 

of free GFP to the sites where RFP-1a fluorescence accumulated (Fig. 4.6). Thus, 

1a-2b co-localisation is specific and does not occur as a result of non-specific 

binding of GFP to the 1a protein. 
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Figure 4.5. The subcellular localisation of the 2b protein is altered by the 1a protein. 

Agroinfiltrated tissue was observed using confocal microscopy. A, fluorescence 

derived from the 2b protein tagged at its N-terminus with GFP or C-terminus with 

RFP (B). C, fluorescence originating from RFP-1a proteins accumulates at small 

‘specks’ throughout the cytoplasm and as larger aggregates. Fluorescence 

originating from the GFP-2b proteins accumulated at the nucleus and evenly 

throughout the cytoplasm, as seen in panel B, but a portion of the signal was 

observed to be present in the same cellular compartment as RFP-1a signal yielding 

a merged signal shown as yellow. D, 1a protein tagged at its N-terminus with GFP 

expressed alone appeared as aggregates and smaller foci. E, fluorescence derived 

from CMV 2b protein tagged at its C-terminus with RFP and 1a protein tagged at its 

N-terminus with GFP. The 2b-RFP protein can be observed in the nucleus and 

cytoplasm, but was additionally present in specks that strongly co-localise with 

GFP-1a. This pattern of 1a and 2b co-localisation is similar to C suggesting that the 

localisation of 1a and 2b proteins is not biased by the presence of either GFP or 

RFP sequences. 
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Figure 4.6. The 1a protein does not alter the localisation of GFP. 

Agroinfiltrated tissue was observed by confocal microscopy. When expressed in N. 

benthamiana GFP accumulates in the cytoplasm. When RFP-1a and 35S:GFP were 

co-expressed I did not observe re-localisation of GFP to the sites where RFP-1a 

fluorescence accumulated. Thus, 1a-2b co-localisation is specific and does not 

occur as a result of non-specific binding of GFP to the 1a protein. 
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4.2.5 The 1a protein interacts directly with the 2b protein but not with AGO1 
in bimolecular fluorescence complementation assays  

 

To visualise potential protein-protein interactions in vivo, 2a, 2b, 1a and Arabidopsis 

AGO1 protein-coding sequences were fused with sequences encoding the yellow 

fluorescent protein (YFP) split into the N- and C-terminal portions (sYFPn and 

sYFPc, respectively) for bimolecular fluorescence complementation (BiFC) assays.  

 

Using yeast two-hybrid assays and deletion mutants it was previously shown that 

the N-terminal regions of the CMV and BMV 1a proteins self-interact (O’Reilly et al., 

1998). I confirmed self-interaction for the 1a protein (Fig. 4.7A), although the 

fluorescence intensity was not as great as the 2b-2b self-interaction (Fig. 4.8A). The 

1a-2a protein interaction is required for formation of an active replicase complex 

(O’Reilly et al., 1998; Kim et al., 2002). I previously observed that the 1a and 2a 

proteins colocalise (Fig. 4.3). I confirmed the 1a-2a protein interaction by co-

agroinfiltration of sYFP-1a and sYFP-2a constructs, which resulted in observable 

fluorescence that was localised to regularly sized small foci (Fig. 4.7B). For the 1a-

2a protein interaction, fluorescence was distributed evenly around the cell 

periphery, likely following the tonoplast outline where the 1a and 2a proteins have 

previously been shown to localise by immunogold labelling (Cillo et al 2002). When 

sYFP-1a and sYFP-AGO1 were co-expressed no YFP fluorescence was observed, 

suggesting that the 1a protein and AGO1 do not directly interact.  

 

Fluorescence derived from the reconstitution of the YFP fluorophore after sYFPn-

2b and sYFPc-2b self-interaction localised to the nucleus and cytoplasm (Fig. 4.8A). 

This pattern of fluorescence was similar to that observed with GFP-2b and 2b-RFP 

(Fig. 4. 2A,B) and consistent with previous studies using sYFP-2b (González et al., 

2010). The distribution of fluorescence for sYFP-2b changed following co-

agroinfiltration of untagged 1a protein (Fig. 4.8B) with fluorescence still visible in the 

nucleus and cytoplasm, but was additionally present at the ‘specks’ previously 

observed with GFP/RFP-1a (Fig. 4.2C,D).  
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BiFC with sYFPn-1a with sYFPc-2b constructs were used to determine if the 1a and 

2b proteins interact directly. Strong fluorescence was observed that localised as 

‘specks’ (Fig. 4.8C), showing a similar pattern of fluorescence to that seen with 

GFP-1a and RFP-1a (Fig. 4.2C,D). The punctate specks observed for sYFPn-

1a/sYFPc-2b interaction are hypothesised to be P-bodies. Fluorescence was not 

observed when the sYFP halves were swapped at the N-terminal of the 1a and 2b 

fusion proteins (sYFPc-1a/sYFPn-2b) (Fig. 4.8D), suggesting that the interaction of 

2b with the 1a protein reconstitutes the YFP protein in certain conformations. The 

distribution of fluorescence occurring from the sYFPn-1a/sYFPc-2b interaction was 

distinct from the 1a-2a protein localisation pattern (Fig. 4.7B). This indicates that the 

interaction between the 1a and 2b proteins occurs in a different subcellular location 

than that of replicase complex formation on the tonoplast.  
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Figure 4. 7. The sYFP-1a protein interacts with itself and the 2a protein but not with 

AGO1 in BiFC assays. 

Agroinfiltrated tissue was observed using confocal microscopy. A, when sYFPn-1a 

and sYFPc-1a where co-expressed I observed foci of faint fluorescence. B, I 

observed small foci of fluorescence when sYFPn-1a and sYFPc-2a where co-

expressed, this was expected as these proteins form the viral replicase. C, D, when 

sYFP-1a and sYFP-AGO1 where co-expressed no fluorescence was observed 

suggesting that these proteins do not interact in vivo. 
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Figure 4.8. The 1a and 2b proteins interact with each other in vivo.  

Agroinfiltrated tissue was observed using confocal microscopy. The 2b and 1a 

proteins were tagged at their N-termini with split yellow fluorescent protein (sYFP) 
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(sYFPn-2b, sYFPc-2b, sYFPn-1a and sYFPc-1a) to study protein-protein 

interactions in vivo by bimolecular fluorescence complementation. A, when sYFPn-

2b and sYFPc-2b were co-expressed transiently in N. benthamiana leaves, the 

observed pattern of fluorescence showed mainly nuclear localisation, but also 

presence in the cytoplasm. B, when sYFPn-2b and sYFPc-2b were co-expressed 

with untagged 1a protein, the observed pattern of fluorescence, originating from the 

interaction of sYFP-2b proteins, still localised to the nucleus and diffusely in 

cytoplasm however, there was an additional pattern of fluorescence observed as 

specks within the cytoplasm. This suggests that the presence of 1a alters the 

localisation of interacting sYFP-2b pairs possibly causing them to co-localise with 

the 1a protein. C, when sYFPn-1a and sYFPc-2b were co-expressed, a strong 

fluorescent signal was observed, which localised to distinct punctate specks within 

the cytoplasm, this pattern of localisation was similar to that observed with GFP-1a 

and RFP-1a. D, no fluorescence was observed when the reciprocal sYFP were 

fused to the N-terminal of the 1a and 2b fusion proteins (sYFPc-1a/sYFPn-2b). 
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4.2.6 The 2b and 1a protein co-immunoprecipitate in vivo  

 

The combination of co-localisation and BiFC data strongly suggested that the 1a 

protein and 2b protein directly interact in vivo and led me to hypothesise that this 

interaction might limit the ability of the 2b protein to interact with AGO1. To further 

confirm the interaction between 2b and 1a protein, I transiently expressed GFP-2b 

together with RFP-1a, or control proteins in N. benthamiana. Three days after 

agroinfiltration, GFP-2b proteins were immunoprecipitated using GFP-affinity beads 

and purified proteins were analysed by western immunoblot analysis using 

antibodies raised against GFP or RFP (Fig. 4.9). I found that RFP-1a co-

immunoprecipitated with GFP-2b, but not with the GFP-affinity beads alone. GFP 

was used as a negative control to exclude the possibility that the 1a protein interacts 

non-specifically with GFP. The multiple bands detected for GFP-2b in panel A were 

commonly observed throughout multiple experiments. This appeared to be a 

property of the 2b protein as I also observed this with 2b-RFP. There appears to be 

three bands detected of lower molecular weight than would be expected for GFP-

2b.It is most likely that these bands are detected partially digested GFP-2b. After IP 

with anti-GFP a single band was always observed. This suggests that the IP was 

unable to bind to the multiple bands observed in the total cell lysate.  
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Figure 4.9. Co-immunoprecipitation of the 1a and 2b protein in vivo. 

Total proteins from N. benthamiana leaves were subjected to immunoprecipitation 

with GFP-Trap beads followed by immunoblot analysis with anti-GFP antibodies to 

detect GFP-2b or 35S:GFP and anti-RFP antibodies to detect RFP-1a. RFP-1a 

could be detected in both input samples with a corresponding band of approximately 

138kDa. After Immunoprecipitation with GFP-pull down RFP-1a could only be 

detected when co-expressed with GFP-2b, and was not detected with expressed 

with 35S:GFP. A, Imaged bands displayed are from the same blot but exposed to 

X-ray film for different time periods for clarity. The original blot is shown below the 
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composite image (B, C). C, as the band corresponding to RFP-1a in the IP:GFP 

sample was relatively faint the blot was exposed for 10 and 30 minutes to ensure 

RFP-1a wasn’t carried through when co-expressed with GFP. Black rectangles 

indicate bands used to form the composite blot. D, the loading control is shown for 

the input sample stained with Ponceau stain . 
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4.3 Discussion 

4.3.1 Subcellular localisation of 1a, 2a and 2b proteins  

 

In this chapter, I characterised the subcellular localisation of the 1a protein by 

confocal imaging. This led me to confirm a novel interaction between the 1a protein 

and the 2b VSR. These results link viral protein subcellular localisation to the 

biological phenotypes that I observed in aphid performance assays. The ability of 

the 1a protein to interact with the 2b protein appears to be the molecular basis of 

the suppression of 2b-induced antibiosis during Fny-CMV infection. 

 

The pattern of fluorescence I observed with tagged 2a protein differed from other 

published data, which has not reported the presence of 2a in the nucleus during 

CMV infection. Previous studies observed the CMV replicase complex at the 

vacuolar membrane (tonoplast) in tobacco and cucumber using immunogold 

labelling and cellular fractionation (Cillo et al., 2002; Gal-On et al., 2000). The 2a 

protein was observed in cytoplasmic and membrane-associated fractions (Gal-On 

et al., 2000). However, the constructs I used contained the 35S promoter and 

consequently expressed at high levels. It is conceivable that the nucleus was acting 

as a sink for over-accumulating viral proteins. GFP translocates to the nucleus, even 

when expressed as homotetramer fusion, suggesting it can diffuse through the 

nuclear pore (Seibel et al., 2007). My results confirmed the 1a and 2a protein 

interact (Fig. 4.7), and that the 1a protein relocates a portion of the 2a protein to 

specks that may be replicase complexes (Fig. 4.3). 

  

The CMV 1a protein has only previously been reported in the tonoplast, but this 

evidence comes from fractionation studies and, to my knowledge, imaging of 

fluorescent-tagged CMV 1a proteins has not previously been reported in the 

literature. When expressed transiently in N. benthamiana I observed a distinct 

subcellular localisation pattern for the 1a protein of punctate ‘specks’ throughout the 

cytoplasm. I confirmed that the CMV 1a protein does not localise to ER-derived 

vesicular replication structures, that have been reported for the orthologous BMV 

1a protein (Bamunusinghe et al., 2011). The subcellular localisation of the larger 1a 

protein aggregations do not appear to be associated with the tonoplast, when tissue 
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was stained with the styryl membrane-binding dye FM-4-64 (Bolte et al., 2004). The 

localisation of these larger specks are discussed below). 1a protein fluorescence 

was also observed at the cell periphery, at small granular dots. These smaller 

structures appear to be localised at the membrane, at the time of study I did not 

have suitable tonoplast markers, suitable markers would bind TIPs, a known target 

of the 1a protein (Hunter et al., 2007).  

 

I showed that the 1a protein colocalises to DCP1 (Fig. 4.4). DCP1 is a member of 

the Arabidopsis decapping complex (Xu et al., 2006), and commonly used as a 

marker for P-bodies. The decapping complex is involved in P-body formation and 

translational repression (Xu and Chua 2009) (described further in Section 6.3). This 

suggests that a portion of the 1a replication protein associates with P-bodies. I 

initially hypothesised that by re-localising the 2b protein to P-bodies, the 1a protein 

may limit the ability of the 2b protein to interact with AGO1 in the cytoplasm and 

nucleus and inhibit its miRNA-directed slicing activity, which is explored further in 

Chapter 5. It is unlikely that the CMV replication complex interacts with P-bodies, 

as is the case for BMV, as they are spatially separated. However, it appears that 

the 1a protein may have an additional function at P-bodies as I observed them in 

close proximity. My results suggest that the 1a protein is able to relocate a fraction 

of 2b protein to P-bodies, potentially linking the RNA silencing and RNA decay 

pathways. 

 

4.3.2 The 1a protein directly interacts with the 2b protein 

 

I observed that when the 2b and 1a protein were co-expressed there was strong 

colocalisation. The 1a protein also altered the subcellular localisation of the 2b 

protein to punctate specks. Similar specks were also observed in BiFC experiments 

with 1a and 2b proteins suggesting that these proteins directly interact. This 

suspected direct interaction was confirmed using a third assay (co-

immunoprecipitation). In total, these results demonstrate that the Fny-CMV 1a 

protein can directly bind to the 2b protein in vivo. 
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The direct interaction between the 1a and 2b protein explains the observed re-

localisation of 2b protein into ‘specks’ in the presence of 1a (Fig. 4.5C,E). It appears 

that the 1a protein recruits the 2b protein, and is able to alter its function. The 1a 

protein is able to recruit the 2a protein to the tonoplast membrane in order to form 

the replicase complex. Although the 1a protein altered the localisation of the 2b 

protein, the 2b protein was still observed in the nucleus and cytoplasm. The 

interaction of the 1a protein with 2b and the 2b proteins subsequent re-localisation 

appears not to have any effect on the ability of 2b to self-interact (Fig. 4.8B). 

Cucumoviral 2b proteins tetramers show preference for binding short dsRNA (Chen 

et al., 2008; Rashid et al., 2008), this suggests that the 1a protein does not interfere 

with 2b activity in the cytoplasm. In BiFC assays the 2b protein was only observed 

to interact with the 1a protein in specific conformations. I did not observe any YFP 

fluorescence when sYFPc-1a and sYFPn-2b were co-expressed. Both the sYFPc-

1a and sYFPn-2b constructs were shown to be functional in BiFC assays which 

suggests that structural arrangement of the 2b and 1a protein in this case, did not 

lead to reconstitution of the YFP fluorophore.  

 

The direct interaction between the 2b and 1a protein is able to abolish 

developmental abnormalities and the induction of antibiosis typically observed when 

the 2b protein is transgenically expressed in Arabidopsis (Westwood et al., 2013a). 

This suggests that the 1a protein is able to directly interact with the 2b protein, and 

this interaction prevents phenotypes associated with disruption of the miRNA 

pathway (Fig. 3.4). I hypothesised that this is due to the 1a protein limiting the ability 

of the 2b protein from interacting with AGO1 (this is explored further in Chapter 5). 

The 1a protein does not directly interact with AGO1, but the 1a protein may play a 

role in modulating some aspect of AGO1 activity within P-bodies.  

 

Work from our group has shown that aphids reared on tobacco plants infected with 

Fny-CMV exhibit increased feeding from the phloem, resulting in increased survival 

and reproduction (Ziebell et al., 2011). Although M. persicae survival and 

reproduction was increased on tobacco plants infected with Fny-CMV, antibiosis 

was induced in plants infected with Fny-CMV∆2b (Ziebell et al., 2011). In contrast 

to Arabidopsis, the 2b proteins appears to inhibit the induction of antibiosis by the 

Fny-CMV RNA 1 and/or the 1a protein in tobacco (Tungadi et al., 2020). The 
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induction of antibiosis in Arabidopsis is due to AGO1 inhibition by the 2b protein, 

and consequent misregulation of mRNA targets (Westwood et al., 2013a). As it is 

the 1a protein that triggers antibiosis in tobacco, it is not known what host factors or 

signalling pathways the 1a protein inhibits. It is unlikely that the 1a protein inhibits 

the tobacco AGO1 activity.  
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Chapter 5. The 1a protein 
competes with AGO1 for binding 
to the 2b protein, but without 
inhibiting 2b RNA silencing 
suppressor activity. 
 

 

5.1 Introduction 
 

The 2b protein influences host-aphid interactions (Westwood, 2013, 2014; Wu et 

al., 2017; Ziebell et al., 2011). In tobacco, the mutant CMV∆2b induces antibiosis 

that increases aphid mortality (Ziebell et al., 2011). In tobacco the 1a protein is the 

factor that triggers antibiosis, but during infection with wild-type CMV induction of 

antibiosis (which is deleterious to aphid-mediated transmission) is counteracted by 

the 2b protein (Tungadi et al., 2020; Ziebell et al., 2011). Interestingly, the Fny-CMV 

2b protein appears to have the opposite effect in Arabidopsis. Constitutive 

expression of the Fny-CMV 2b protein in transgenic Arabidopsis plants induces 

antibiosis (Westwood et al., 2013a). Since Arabidopsis AGO1 negatively regulates 

antibiosis, it was concluded that 2b-induced antibiosis results from the interaction 

of the Fny-CMV 2b protein with AGO1 (Kettles et al., 2013; Westwood et al., 

2013ab).  

 

Co-expression of the CMV 1a and 2b proteins in transgenic plants inhibited aphid 

resistance and also ameliorated the 2b-induced developmental abnormalities that 

occur in 2b-transgenic Arabidopsis plants (Lewsey et al. 2007; Westwood et al., 

2013a). This suggested that the CMV 1a protein negatively regulates the ability of 



Chapter 5. The 1a protein competes with AGO1 for binding to the 2b protein, but without 
inhibiting 2b RNA silencing suppressor activity. 

  114 

the 2b protein to inhibit AGO1 activity (Westwood et al., 2013a). However, 

Westwood et al. (2013) were not able to determine the effect of 1a protein was due 

to a direct 1a-2b interaction or if the 1a protein had an indirect effect e.g. through 

binding a host factors such as AGO1. 

 

 

5.2 Results 

5.2.1 The CMV 1a and 2b proteins colocalise with host components of the 
RNA silencing and RNA decay pathways 

 

In Chapter 4 I established that the 1a protein directly interacts with the 2b protein. 

In Chapter 4 I also demonstrated that the 1a protein colocalises with DCP1, a 

protein involved in mRNA decay at P-bodies. The 1a and 2b proteins were shown 

to interact at specks, which appeared similar to the localisation pattern observed for 

DCP1-GFP. In this chapter I further investigated the localisation of viral and host 

proteins, to determine if localisation of viral proteins to the P-body is required for the 

regulation of antibiosis.  

 

I hypothesised that the 1a-2b interaction might limit the ability of 2b to interact with 

AGO1. I used a BiFC assay with sYFP-AGO1 and sYFP-2b to observe if the 

localisation of YFP fluorescence was altered by the 1a protein. When sYFPn-AGO1 

and sYFPc-2b were co-expressed I observed that they interacted in the cytoplasm 

and nucleus (Fig. 5.1), a similar pattern was previously reported for the AGO1-2b 

interaction (Gonzalez et al., 2010). When the combination of sYFPn-AGO1, sYFPc-

2b and RFP-1a were co-expressed I observed that the 1a protein altered the 

localisation of the AGO1-2b interaction. YFP fluorescence derived from the AGO1-

2b interaction could be observed localising with the 1a protein at specks. These 

specks displayed a typical localisation pattern observed previously for the 1a protein 

(Fig. 4.2). This suggests that the 1a protein is not only able to alter the subcellular 

localisation of the 2b protein, but is also able to relocate 2b when it bound to AGO1. 

Colocalisation between AGO1, and the 1a and 2b proteins was only observed at 

sites were the 1a protein was present. The 1a protein did not inhibit AGO1 from 
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interacting with the 2b, in BiFC assays, protein in the cytoplasm or nucleus (Fig. 

5.1).  

 

Using agroinfiltration I co-expressed AGO1-GFP and 2b-RFP in N. benthamiana 

and observed strong colocalisation between AGO1 and 2b (Fig. 5.2). Interaction 

between 2b and AGO1 was previously observed in the nucleus and in cytoplasmic 

foci when coexpressed in N. benthamiana (Zhang et al., 2006). I observed that 

AGO1-GFP and 2b-RFP colocalised in cytoplasmic foci, although in these 

coinfiltration experiments I did not observe nuclear colocalisation. The pattern of 

fluorescence I observed when AGO1-GFP and 2b-RFP were co-expressed was 

different to that observed for 2b-AGO1 interaction in BiFC assays (Fig. 5.3).  

 

When DCP1-RFP and AGO1-GFP were co-expressed I observed strong 

colocalisation at cytoplasmic foci (Fig. 5.2). Colocalisation between DCP1 and 

AGO1 was mostly observed at similar foci/aggregations, and several smaller DCP1-

RFP foci were observed not localising to AGO1-GFP. This suggests that AGO1 may 

not be present in P-bodies in all cases. When expressed by itself AGO1-GFP did 

not localise to the nucleus (Fig. 5.3A). However, the cytoplasmic fraction of AGO1 

was previously reported to associate with P-bodies (Pomeranz et al., 2010). I 

observed AGO1 in the nucleus and cytoplasm when co-expressed with 2b in BiFC 

assays (Fig. 5.3B). When sYFPn-AGO1 was co-expressed with sYFPc-LS2b no 

YFP fluorescence was observed. Arabidopsis AGO1 does not interact with 2b 

proteins encoded by Subgroup II CMV strains, such as LS- and Q-CMV (Lewsey et 

al., 2007; Zhang et al., 2006). 

 

When DCP1-GFP and 2b-RFP were co-expressed there was no colocalisation. The 

2b protein was observed in the nucleus and cytoplasm but DCP1 did not alter its 

localisation (Fig. 5.4A). DCP1 occurred in aggregates within the cell, often close to 

the cell membrane. When DCP1 and 2b were co-expressed with a construct 

expressing an untagged 1a protein, I observed that the localisation of the 2b protein 

changed, resulting in colocalisation of DCP1 with 2b (Fig. 5.4A). It appears that 

addition of the 1a protein causes the 2b protein to relocate to colocalise with DCP1 

in specks that were assumed to be P-bodies. 
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In order to confirm if the 1a and 2b proteins were both present in P-bodies I co-

expressed sYFPn-1a, sYFPc-2b and DCP1-RFP. I observed YFP fluorescence as 

specks, similar to those I previously characterised for the 1a-2b protein interaction 

(Fig. 4.8). These specks colocalised to foci of DCP1-RFP fluorescence suggesting 

that all three proteins are in close association within P-bodies (Fig. 5.4B). 
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Figure 5.1. The 1a protein colocalises with AGO1 and the 2b protein. 

When sYFPn-AGO1 and sYFPc-2b were co-expressed by agroinfiltration, 

fluorescence was observed in the cytoplasm and nucleus, as has been previous 

reported for the AGO1-2b interaction (Gonzalez et al., 2010). When nYFP-AGO1 

and cYFP-2b were co-expressed with RFP-1a I observed that the 1a protein 

colocalised with fluorescence generated from AGO1-2b interaction, suggesting that 

all three proteins colocalise. YFP fluorescence is false-coloured as green so that 

colocalisation could be observed as yellow in the merged image. Merged images 

superimposed with optical bright field (BF) image are shown on the right. 
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Figure 5.2. AGO1 colocalises with DCP1 and the 2b protein. 

When AGO1-GFP and 2b-RFP were co-expressed by agroinfiltration (upper 

panels), fluorescence derived from AGO1-GFP was observed in the cytoplasm and 

in specks throughout the cell, in a similar pattern as observed when AGO1-GFP 

was expressed by itself (Fig. 5.3A). The localisation of 2b-RFP was altered by the 

presence of AGO1-GFP, 2b-RFP was observed in the cytoplasm and nucleus as 

previously reported (Fig. 4.2), but also colocalised with AGO1-GFP at specks. Co-
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expression of AGO1-GFP and DCP1-RFP (lower panels), resulted in areas of 

colocalisation presumed to be P-bodies. 
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Figure 5.3. The Fny-CMV, but not the LS-CMV, 2b protein interacts with Arabidopsis 

AGO1. 

A, AGO1-GFP and DCP1-RFP were expressed individually, fluorescence from 

AGO1-GFP was observed as punctate specks with varying size throughout the 
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cytoplasm. When DCP1-RFP was infiltrated I observed a similar pattern of 

localisation. Although foci of DCP1-RFP were observed more often at the cell 

periphery. Merged images superimposed with optical bright field (BF) image are 

shown on the right. B, when sYFPn-AGO1 and sYFPc-2b were co-expressed I 

observed YFP fluorescence in the nucleus and cytoplasm. When sYFPn-AGO1 was 

co-expressed with a sYFPc construct containing the LS-2b sequence no YFP 

fluorescence was observed. 
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Figure 5.4. The 1a protein recruits the 2b protein to P-bodies. 
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A, when the P-body marker DCP1-GFP was co-expressed with 2b-RFP no 

colocalisation was observed (A, upper panel). When DCP1-GFP and 2b-RFP where 

co-expressed with an untagged 1a protein, DCP1-GFP and 2b-RFP were observed 

to colocalise suggesting that the presence of the 1a protein is required to recruit the 

2b protein to P-bodies. B, sYFPn-1a, sYFPc-2b with DCP1-RFP were co-

expressed. YFP fluorescence was observed for the sYFPn-1a/sYFPc-2b 

interaction. When the YFP signal was merged with the DCP1-RFP signal, the 1a-

2b protein YFP signal was observed to colocalise with the P-body marker. 
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5.2.2 The 1a protein inhibits 2b protein AGO1 binding 

 

I tested the ability of AGO1 to interact directly with the CMV 1a protein in a co-

immunoprecipitation assay (Fig. 5.5). AGO1-GFP was unable to bind the RFP-1a 

protein in vivo. AGO1-GFP was detected as a smear in the input sample (panel A). 

This may be due to sample degradation from freeze thaw cycles of the cell lysate. 

Additionally, P19 was used as a silencing suppressor in this experiment to enhance 

protein expression. The Tombusvirus p19 VSR causes over-accumulation of 

miR168, which results in downregulation of AGO1 protein level (Varallyay et al., 

2010). I carried out several experiments with increasing concentrations of P19 

relative to AGO1 in transient expression assays and observed increased AGO1 

degradation at higher concentrations of P19. However, after IP treatment with anti-

GFP a single band of expected size (150kDa) was observed. Due to time 

constraints I was unable to repeat this experiment with a specific AGO1 antibody. 

However, in future work we aim to obtain the AGO1 and AGO2 antibodies for this 

theme of research. 

The lack of interaction between AGO1 and 1a is consistent with BiFC results for 

AGO1 and 1a, that indicated that the 1a protein and AGO1 do not interact directly 

(Fig. 4.7). To further investigate the ability of the 1a protein to inhibit the 2b-AGO1 

interaction, I carried out a competitive binding experiment. Increasing amounts of 

A. tumefaciens harbouring a T-DNA construct encoding the 1a protein was co-

expressed with cells harbouring T-DNA vectors encoding 2b-RFP and AGO1-GFP, 

and the ability of AGO1 to co-immunoprecipitate the 2b was quantified using 

densitometric analysis (Fig. 5.6). I observed that when the 1a protein was 

expressed, AGO1 co-immunoprecipitated a smaller proportion of the 2b protein. 

This supports the idea that the 1a protein competes with AGO1 for interaction with 

the 2b protein. To further confirm if the presence of the 1a protein altered the AGO1-

2b protein interaction, sYFP-tagged 2b and AGO1 constructs were co-expressed. I 

observed that addition of the 1a protein significantly reduced the intensity of 

fluorescence due to reconstitution of the YFP fluorophore caused by the sYFPn-2b 

and sYFPc-AGO1 interaction (Fig. 5.7). 
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Figure 5.5. AGO1 does not interact with the 1a protein in vivo. 

Total proteins extracted from agroinfiltrated N. benthamiana leaves were subjected 

to immunoprecipitation with RFP-Trap beads followed by immunoblot analysis with 

anti-GFP antibodies to detect AGO1-GFP and anti-RFP antibodies to detect RFP-

1a or 2b-RFP. AGO1-GFP could be detected in both input samples with a 

corresponding band of approximately 140kDa. After immunoprecipitation with RFP-

Trap AGO1-GFP could only be detected when co-expressed with 2b-RFP, and was 

not detected when expressed with RFP-1a. RFP-1a and 2b-RFP were both 

detected after immunoprecipitation with RFP-Trap beads. The loading control is 

shown for the input sample stained with Ponceau stain. 
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Figure 5.6. The CMV 1a protein inhibits the 2b protein from binding to AGO1. 

A, representative western blots of AGO1-GFP and 2b-RFP extracted from N. 

benthamiana after transient expression. A suspension of infiltration buffer and 

empty Agrobacterium cells was used to dilute samples to ensure the ratio of 2b : 

AGO1 remained constant as increasing amounts of 1a was added. The final OD600 

of each treatment was 1, while the relative OD600 of A. tumefaciens harbouring T-

DNA constructs encoding AGO1-GFP and 2b-RFP was 0.25 in all three treatments. 

The relative OD600 of A. tumefaciens harbouring T-DNA constructs encoding the 1a 

protein was 0.25 and 0.5, which corresponded to a ratio of AGO1-GFP : 2b-RFP : 

1a of 1:1:1 and 1:1:2, respectively. Total proteins were extracted and 10 ug of 

protein in sample buffer was loaded per well. Bottom panel shows loading control 

(Ponceau stain). B, representative Co-IP experiments with proteins expressed by 

co-agroinfiltration revealed an inhibitory effect of the CMV 1a protein on AGO1-2b 



Chapter 5. The 1a protein competes with AGO1 for binding to the 2b protein, but without 
inhibiting 2b RNA silencing suppressor activity. 

  127 

interaction. The immune complexes were formed by pre-incubation with anti-GFP 

beads (IP AGO1-GFP) and revealed with RFP antibody (bottom panel). 

Densitometric analysis was performed using a GeneGnome XRQ (Syngene) and 

analysed using GeneTools analysis software. 
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Figure 5.7. The 1a protein prevents 2b and AGO1 from interaction in BiFC assays. 

A. tumefaciens harbouring T-DNA constructs encoding sYFPn-AGO1 and sYFPc-

2b were co-expressed into N. benthamiana leaves at a final OD600 of 0.9. 

Untransformed A. tumefaciens cells resuspended in infiltration buffer were diluted 

to OD600 so that the final OD600 of each construct was 0.3. The RFP-1a construct 

was co-expressed with sYFPn-AGO1 and sYFPc-2b at a ratio of 1:1:1 with a total 

OD600 of 0.9. The intensity of YFP fluorescence for each image was calculated using 

the Lecia Application Suite X (LAS X). Measurements were collected from 5 

individual plants, that were each infiltrated at 5 patches giving a total of 25 images 

for each treatment. The asterisk indicates a significant difference (Student’s t-test, 

P<0.05). Error bars represent standard error of the mean. 
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5.2.2 The 1a protein alters 2b protein localisation but does not affect 2b 
silencing suppressor activity 

 

To determine if the 1a protein inhibits 2b protein VSR activity a transiently 

expressed GFP reporter gene was agroinfiltrated into patches of N. benthamiana 

leaves alone or together with constructs expressing the 1a or 2b proteins (Fig. 5.8). 

Following agroinfiltration, transient accumulation of free GFP fluorescence was 

imaged and quantified at 4, 8 and 16 days post infiltration. Agroinfiltration of a GFP 

construct on its own resulted in low intensity fluorescence, which decayed within a 

week (Fig. 5.8B). When free GFP and CMV 2b constructs were co-expressed, both 

the intensity and duration of the fluorescence signal were increased, with GFP 

fluorescence visible until at least 16 days post-infiltration. P19 is the tombusvirus 

VSR (Vargason et al., 2003) and when a P19 construct was co-expressed this also 

increased the duration and intensity of the GFP signal (Fig. 5.8B). Co-agroinfiltration 

of 2b or P19 with free GFP did not alter the subcellular localisation of the GFP signal 

(Fig. 5.8B). 

 

Co-expression of 1a and free GFP had no effect on the observed levels of GFP 

fluorescence (Fig. 5.8), which confirmed that the 1a protein does not possess VSR 

activity or compromise GFP stability. Since the 1a protein binds to the 2b protein, it 

was suspected that the presence of 1a might interfere with the VSR activity of 2b. 

However, co-agroinfiltration of constructs encoding 1a, 2b and free GFP did not 

alter the intensity or duration of fluorescence, or corresponding GFP protein levels 

(Fig. 5.8C). The 1a protein had no effect on the VSR activity of P19. Thus, the 1a 

protein does not inhibit the VSR activity of the 2b protein and has no general anti-

VSR properties. 
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Figure 5.8. CMV 1a protein does not affect 2b RNA silencing suppressor activity. 

Green fluorescent protein (GFP) was expressed transiently, using a 35S promoter, 

in N. benthamiana. A, the relative intensity of fluorescence for each treatment 16 

days after infiltration was calculated. GFP intensity was quantified, by imageJ, as 

the integrated density (IntDen) of each image. Number of independent leaves 

imaged for each treatment, n = 15. B, Typical confocal images of GFP fluorescence 

in the presence of 1a, 2b or P19, as indicated. When GFP was co-expressed with 

CMV 2b protein or the P19 protein the intensity and duration of fluorescence was 

increased due to their VSR activity. Co-expression of CMV 1a protein had no effect 

on any of the three treatments. Number of independent leaves imaged for each 

treatment, n = 15. C, leaf disks where harvested 16 days after infiltration for 
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immunoblot analysis. GFP protein accumulation was confirmed using anti-GFP 

antibodies. 

 

5.3 Discussion 
 

5.3.1 Viral proteins colocalise with host components of the RNA silencing 
and RNA decay pathways 

 

In this chapter, I further characterised the subcellular localisation of the 1a and 2b 

protein by confocal imaging. In Chapter 4 I observed that the 1a protein localised to 

P-bodies. Using confocal imaging I observed that the 1a protein is able to relocate 

2b proteins to P-bodies, potentially linking RNA silencing and RNA decay pathways 

in CMV infection.  

 

The 2b protein only localises to P-bodies, when 1a protein is present (Fig. 5.4A). 

This suggests the ability of the 1a protein to modify 2b subcellular localisation is an 

important aspect of this interaction. However, I observed that the interaction of 2b-

AGO1 in nucleus/cytoplasm, although reduced, still occurred when 1a was co-

expressed in BiFC assays. Although the 2b protein primarily inhibits RNA silencing 

by sequestering siRNAs, inhibition of AGO1 slicer activity by the 2b protein is likely 

important for the infection process. When 2b-RFP and AGO1-GFP were co-

expressed I observed the formation of cytoplasmic foci, but was unable to confirm 

these were P-bodies (Fig. 5.2). 

 

I considered that the 1a protein may play a role in preventing 2b from interacting 

with AGO1 in P-bodies, but while maintaining 2b inhibition of AGO1 in the 

cytoplasm/nucleus. This may explain why the 1a protein does not completely inhibit 

the 2b-AGO1 interaction in BiFC assays (Fig. 5.7). By preventing 2b-inhibition of 

AGO1 in P-bodies it appears that AGO1 can resume normal miRNA processing. 

This also highlights that AGO1 function within P-bodies is important in antiviral 

defence and the induction of antibiosis. I do not currently know what exact AGO1 

activity is restored in P-bodies by the 1a protein, but it most likely relies on 
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preventing the 2b protein from inhibiting AGO1 slicer activity specifically in this 

cellular compartment (discussed further in Section 6.3).  

 

Arabidopsis decapping mutants have increased levels of potential targets of 

miRNAs, suggesting that there is a link between decapping and AGO1 activity 

(Motomura et al., 2012). Recently it was shown that the CaMV multifunctional viral 

translation transactivator/viroplasmin (TAV) protein functions as a suppressor of 

nonsense-mediated mRNA decay (Lukhovitskaya and Ryabova, 2019). TAV was 

shown to interact specifically with VARICOSE (VCS) at the decapping complex, and 

co-localised with components of the decapping complex. At the time of study I was 

unable to establish if the 1a protein directly interacts with P-body components.  

 

However, it seems more likely that it is due to the action of the 1a protein 

sequestering the 2b protein to P-bodies that is important in preventing inhibition of 

AGO1. I did not confirm whether the 2b protein is able to interact with P-body 

components when it is relocated to P-bodies. I initially hypothesised that by re-

localizing the 2b protein to P-bodies, the 1a protein may limit the ability of the 2b 

protein to interact with AGO1 in the cytoplasm and nucleus and inhibit AGO1’s 

miRNA-directed slicing activity, this is discussed in Section 5.3.2. Alternatively, the 

1a protein may inhibit antibiosis by preventing 2b-inhibition of AGO1 slicer activity 

in P-bodies.  

 

 

5.3.2 The CMV 1a replication protein and 2b VSR interact directly to 
modulate AGO1 activity 

 

I have shown that the CMV 1a replication protein has, in addition to its previously 

documented functions in virus replication and pathogenesis (Palukaitis, 2019; Seo 

et al., 2019), the ability to modulate the association of the 2b VSR with one of its 

host targets, AGO1. AGO1 is a key target of VSRs encoded by several viruses and 

inhibition of AGO1 activity for some viruses can provide an effective means of 

diminishing antiviral RNA silencing (Csorba et al., 2009). It was once thought that 
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cucumoviral 2b VSRs inhibit antiviral RNA silencing by binding to AGO1 (Zhang et 

al., 2006) until subsequent work showed that 2b’s VSR activity is primarily 

dependent upon its ability to titrate double-stranded siRNAs (Chen et al., 2008; 

González et al., 2010, 2012; Goto et al., 2007; Rashid et al., 2008). In any case, 

inhibiting AGO1 activity may be a counterproductive means of inhibiting antiviral 

RNA silencing. For example, in Arabidopsis, AGO1 regulates AGO2 mRNA levels 

using miR403 and de-repression of AGO2 accumulation by the 2b protein triggers 

the establishment of another layer of antiviral silencing (Harvey et al., 2011). The 

CMV 1a protein may play an important role in preventing the 2b protein from 

triggering this additional line of host defence. In tobacco, it appears that the 1a 

protein is the factor that triggers aphid resistance, and this is countered by the 2b 

protein (Tungadi et al., 2020; Ziebell et al., 2011). In both plant hosts, the 1a and 2b 

proteins have antagonistic roles in conditioning CMV-induced effects on aphid-plant 

interactions suggesting the interplay of the 1a and 2b proteins determines the 

outcome (induction of aphid resistance or aphid susceptibility) of CMV infection on 

plant-aphid interactions in different hosts. This reinforces previous work showing 

that the effects of viral proteins on plant-aphid interactions are complex and 

combinatorial (Tungadi et al., 2020; Westwood et al., 2013a, 2014). 

 

In 2b-transgenic Arabidopsis plants the 2b protein induces stunting of shoots and 

roots, and developmental abnormalities, including floral deformation (Lewsey et al., 

2007). These effects occur in part through inhibition of AGO1 activity (in particular, 

inhibition of mRNA slicing directed by miR159) and also through effects that the 2b 

protein has within the host cell nucleus (Du et al., 2014a,b; Lewsey et al., 2007, 

2009). The symptom-like phenotypes of 2b-transgenic plants can be exaggerated 

compared with the symptoms seen in CMV-infected, non-transgenic plants (Fig. 

3.4) (Lewsey et al., 2007). I think it likely that by binding the 2b protein and 

ameliorating these 2b-induced phenotypes, the 1a protein may limit the virulence of 

CMV and moderate the deleterious effects of virus infection on the host. This would 

be beneficial for CMV since excessive damage to the host plant may decrease virus 

yield or decrease the ability of susceptible hosts to reproduce, favouring the 

emergence of resistant individuals in the host population, an effect modelled in 

Groen et al. (2016). 
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Modulating 2b activity would benefit aphid-mediated CMV transmission. In 

Arabidopsis, AGO1 negatively regulates antibiosis against aphids (Kettles et al., 

2013; Westwood et al., 2013ab), and 2b-induced inhibition of AGO1 activity, as 

seen in 2b-transgenic plants, is deleterious to aphids and would compromise their 

ability to vector the virus. My results confirm that 1a prevents induction of antibiosis 

by the 2b protein in Arabidopsis and suggests a mechanism by which direct 

interaction between 1a and 2b, will regulate the extent of 2b-mediated inhibition of 

AGO1 (Fig. 5.6). 

 

5.3.3 The interaction of 1a and 2b does not inhibit 2b VSR activity 

 

The 2b protein performs its VSR role primarily in the cytoplasm (González et al., 

2012). Increasing the nuclear and nucleolar enrichment of Fny-2b compromises its 

VSR activity but enhances CMV virulence, accelerating the appearance of disease 

symptoms in Arabidopsis plants (Du et al., 2014a). Similar to CMV 2b, other VSRs, 

including the potyviral HC-Pro and tombusviral P19, bind sRNAs (Kasschau and 

Carrington, 1998; Lakatos et al., 2006; Ye et al., 2003) and are most effective as 

inhibitors of antiviral RNA silencing when present in the cytoplasm (Riedel et al., 

1998; Uhrig et al., 2004). For example, translocation of P19 into the nucleus by host 

ALY proteins greatly impairs its VSR activity demonstrating that binding sRNAs by 

P19 occurs in the cytoplasm (Canto et al., 2006). Other host proteins can inhibit 

VSR activity. For example, the tobacco rgsCAM protein binds to VSRs of several 

viruses, including the CMV 2b protein, and inhibits and destabilizes them (Nakahara 

et al. 2012). However, to my knowledge the inhibition of one of the 2b protein’s 

effects on the RNA silencing pathway (i.e. inhibition of AGO1 activity) is the first 

documented instance of regulation of a VSR by another viral protein.  

 

Although the 1a protein directly interacts with the 2b protein and alters its 

localisation and inhibits the AGO1-2b protein interaction, it has no effect on 2b VSR 

activity. The results are consistent with our previous work showing that 2b-mediated 

inhibition of antiviral RNA silencing and 2b-mediated inhibition of AGO1-mediated, 
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miRNA-directed mRNA cleavage are separate 2b functions and determined by 

different functional domains within the 2b protein (Gonzalez et al. 2010, 2012). My 

data suggests that re-localisation to P-bodies by the 1a protein does not diminish 

the ability of 2b to inhibit RNA silencing and that the 1a protein is able to inhibit the 

induction of 2b-induced antibiosis against aphids and ameliorate 2b-mediated 

disruption of plant development without disrupting the ability of the 2b protein to 

perform its vital counterdefence role.  

  



Chapter 6. General Discussion 

  136 

Chapter 6. General Discussion 
 

 

6.1 CMV-induced inhibition of aphid growth and reproduction in Arabidopsis 
are mediated via two parallel defensive signalling pathways 
 

It was previously established that anti-aphid resistance induced by CMV infection in 

Arabidopsis depends on the 2a protein triggering feeding deterrence, which is 

mediated by the conversion of the most abundant indole glucosinolate, I3M, into the 

feeding deterrent 4MI3M (Westwood et al., 2013a). My findings are fully in line with 

what is known about the regulation of I3M and 4MI3M production from the literature 

but also indicate that BAK1 is involved in CMV-mediated aphid resistance in 

Arabidopsis. Using a combination of bak1-5 mutant plants and generalist and 

specialist aphids I determined that CMV-induced aphid resistance in Arabidopsis is 

mediated via two parallel defensive signalling pathways. The first defence signalling 

pathway involves BAK1-dependent signalling and decreases aphid MRGR. This is 

also in line with the work by Prince at al. (2014) who found that BAK1 contributes to 

PTI against aphids in Arabidopsis. It was previously found that an aphid effector M. 

persicae candidate effector10 suppresses the flg22-mediated ROS burst (Bos et 

al., 2010), which also requires BAK1 (Chinchilla et al., 2007; Heese et al., 2007). I 

discovered a second BAK1-independent signalling pathway that reduces aphid 

reproduction. The signalling pathways induced by CMV infection leading to reduced 

aphid MRGR and reproduction are summarised in a model (Fig. 6.1).  

 

BAK1 and BKK1 have overlapping function in regulating PTI defences. BKK1 plays 

a major regulatory role in the FLS2-, EFR-, and PEPR1/2-dependent signalling 

pathways in addition to BAK1 (Roux et al., 2011). Early and late responses to flg22 

and elf18 are dramatically reduced in the double mutant bak1-5 bkk1-1. Additionally, 

responses to the DAMP Pep1 are severely impaired in the bak1-5 bkk1-1 mutant, 

consistent with the BAK1 dependence of Pep1-triggered responses (Krol et al., 

2010). It is possible that DAMPs produced as a consequence of CMV infection are 
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not perceived in bak1-5 or bak1-5 bkk1 mutant plants and this leads to an 

attenuated immune response. I observed that root growth inhibition triggered by 

plant extracts from CMV-infected plants is abolished in bak1-5 and bak1-5 bkk1-1 

mutant plants. This suggests that BAK1 may have a role in the perception of CMV 

directly or indirectly sensing CMV-induced DAMPs. It is likely that M. persicae is 

sensitive to BAK1-regulated PTI-responses induced by CMV, although my results 

show these defence responses only decrease the MRGR of individual aphids and 

not aphid reproduction. 

 

Previous work in our group observed that CMV-induces transcripts that overlapped 

with those induced by three PAMPs (flg22, elf26, and chitin) (Westwood et al., 

2013a). It is not known if the PTI response triggered by CMV is due to the interaction 

of viral proteins with host factors or occurs as a general response to CMV infection. 

Transgenic plants expressing the 2a protein could be used in transcriptome 

experiments to differentiate between 2a-induced defence signalling and 

antixenosis. Knowledge of which signalling pathways are induced by the 2a protein 

may also help determine which host proteins it interacts with. The immune response 

triggered by the 2a protein appears to not inhibit CMV replication (Westwood et al., 

2013a; Rhee et al., in preparation). Similarly, bak1-5 plants do not show enhanced 

susceptibility to CMV infection (Groen et al., 2020). This is opposed to the role of 

BAK1 in other pathosystems, which was shown to confer resistance to several RNA 

viruses (Kørner et al., 2013). This suggests that BAK1 is activated in response to 

CMV infection but is not required for resistance to CMV. The activation of BAK1 by 

CMV infection may be important in fine tuning defence responses in Arabidopsis 

that lead to feeding deterrence.  

 

My results from aphid colony growth experiments suggest that BAK1-independent 

defences were induced by CMV infection that reduced generalist and specialist 

aphid reproduction. Recent work from our group discovered that JA signalling is 

required for the defence pathway that affects aphid colony growth (Groen et al., 

2020). CMV-induced resistance affecting both MRGR and aphid colony was 

abolished in the absence of functional JA biosynthesis (dde2) and JA-insensitive 

(coi1) mutants (Casteel et al., 2015; Groen et al., 2020). JA is also known to promote 

the accumulation of indole-glucosinolates, camalexin and the non-protein amino 
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acid Nδ-acetylornithine (Zhou et al., 1999; Mikkelsen et al., 2003; Adio et al., 2011). 

It is likely that JA is able to regulate the build-up camalexin and of I3M, the precursor 

of 4MI3M in a BAK1-independent manner during CMV-mediated aphid resistance 

in Arabidopsis. We have yet to quantify the expression of CYP81F2 or total levels 

of 4M13M in bak1-5 mutants infected with CMV. If CYP81F2 is not induced in CMV-

infected bak1-5 mutant plants, it suggests that additional defences, such as 

camalexin, are responsible for the reduction in colony size observed on these 

plants. 

 

Camalexin is able to confer resistance to the Brassicaceae specialist aphid B. 

brassicae (Kuśnierczyk et al., 2008), which is less sensitive to indole glucosinolates 

than M. persicae. Infestation of Arabidopsis with B. brassicae increased the 

expression of CYP79B2, CYP79B3, and PAD3 causing an increase in the 

concentration of camalexin (Kuśnierczyk et al., 2008; Mewis et al., 2012). We 

previously observed that CMV-induced anti-aphid resistance was still present in 

pad3 mutants, when aphid performance was measured as MRGR (Westwood et 

al., 2013a). Camalexin accumulation is increased in the dcl1-9 and ago1-25 

mutants, as well as in 2b-transgenic Arabidopsis (Kettles et al., 2013; Westwood et 

al., 2013a), in which the miRNA pathway is disrupted (Lewsey et al., 2007; Zhang 

et al., 2006). My results show that the MRGR of B. brassicae was unaffected on 

CMV infected plants (Fig. 3.6), in a BAK1-independent manner. This suggests that 

camalexin levels induced during CMV infection do not negatively affect the MRGR 

of this specialist aphid. This may be due to the fact that a single aphid may not be 

sufficient to induce camalexin production, whereas colony growth assays may lead 

to increases in camalexin. And that aphid colony growth on CMV-infected plants 

may lead to the induction of multiple signalling pathways.  

 

My results highlight the importance of multiple measurements of aphid performance. 

As results from aphid colony growth experiments may be confounded by the effects 

of aphid infestation, and induction of additional signalling pathways that may have 

crosstalk with virus induced defences. More experiments are needed to fully 

elucidate the mechanisms behind BAK1-independent signalling induced by CMV-

induced resistance to M. persicae. 
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Figure 6.1. CMV-induced resistance is able to induce two distinct pathways in 

Arabidopsis that affect Myzus persicae performance. 

Arabidopsis plants infected with Fny-CMV induce a form of resistance (antixenosis) 

based on the production of an aphid feeding deterrent, 4MI3M, through activation 

of defensive signalling. JA biosynthesis is required for the defence pathways that 

affect aphid MRGR and aphid colony growth (Groen et al., 2020). BAK1 is required 

for the perception of CMV infection and the induction of defence signalling that 

negatively affects aphid MRGR. Whereas, BAK1-independent defence signalling 

negatively regulates aphid reproduction.  
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6.2 The CMV 1a protein interacts directly with the 2b protein and prevents the 
induction of antibiosis in Arabidopsis 
 

In Chapter 4 I showed that the 1a protein directly interacts with the 2b protein. At 

the start of the work it was not certain if the 1a protein modulated the 2b protein’s 

activity by direct interaction, or indirectly through a host factor (Westwood et al., 

2013a). The symptom-like phenotypes of 2b-transgenic plants are more severe than 

symptoms seen in CMV-infected, non-transgenic plants (Lewsey et al., 2009). CMV-

induced developmental symptoms are conditioned partly through the ability of the 

2b protein to inhibit AGO1 activity (Du et al., 2014b; Lewsey et al, 2007, 2009; 

Zhang et al., 2006). In 2b-transgenic Arabidopsis plants the 2b protein induces 

stunting of shoots and roots, and floral deformation (Lewsey et al., 2007). These 

effects occur in part through inhibition of AGO1 activity (in particular, inhibition of 

mRNA slicing directed by miR159) and also through effects that the 2b protein has 

within the host cell nucleus (Du et al., 2014a,b; Lewsey et al., 2007, 2009). This 

suggests that 1a protein negatively regulates the inhibition of AGO1 by the 2b 

protein, which may ameliorate the potential damage caused by CMV to its hosts, 

and in Arabidopsis would prevent the induction of a secondary layer of resistance 

mediated by AGO2, which provides a secondary antiviral mechanism that is 

important when the primary AGO1-mediated layer is not active (Harvey et al., 2011). 

AGO2 was shown to be upregulated during CMV infection and ago2 mutants are 

hyper-susceptible to CMV (Harvey et al., 2011), and AGO2 have been shown to 

loaded with CMV siRNAs (Zhang et al., 2006). This suggests that AGO2 provides 

an additional layer of anti-viral resistance during CMV infection. However, inhibition 

of AGO2 activity does not lead to antibiosis or reduced aphid performance. Mutants 

in ago2, ago4, or ago7 mutants do not reduce aphid performance (Kettles et al., 

2013). This suggests that impaired miRNA processing is responsible for negatively 

affecting aphid reproduction via inhibition of AGO1 by the 2b protein. The 

localisation of AGO2 is less characterised compared to AGO1, and AGO2 has not 

been reported in cellular bodies, as seen in human cells. The 2b protein was also 

shown to interact with AGO4 from Arabidopsis (Hamera et al., 2012), but not 

reported to interact with AGO2.  
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As the antiviral role for AGO2 is normally hidden in the presence of active AGO1, 

because the latter regulates the expression of AGO2 via the production of miR403 

(Allen et al., 2005). However, during infection with CMV stains that inhibit AGO1, 

such as Fny-CMV, AGO2 is expressed at higher levels and then surfaces as an 

antiviral defence protein. The increased expression of AGO2 during CMV infection 

presumably contributes to viral resistance but also does not influence aphid feeding 

behaviour. 

 

Future work is required to fully understand the dynamics of how AGO1 and AGO2 

interact with viral proteins, and how this influences aphid behaviour. The novel 

interaction between 2a and 1a proteins has the potential to limit AGO1 inhibition 

which will consequently affect the level of AGO2 during infection. Future work in our 

lab will further investigate the importance of AGO2 in this CMV-aphid-Arabidopsis 

interaction. We aim to carry out future experiments quantifying AGO2 expression 

levels in transgenic 2b and 1a/2b plants. If AGO2 expression levels are reduced to 

normal levels in transgenic 1a/2b plants it suggests that the 1a protein is able to 

modify AGO1 miRNA binding activity. Similarly, as AGO2 localisation is less 

characterised compared to AGO1 it would be interesting to investigate if the 

localisation of AGO2 changes in the presence of CMV proteins, especially the 2b 

protein. 

 

The 1a protein also prevents the induction of antibiosis allowing 2a-induced 

deterrence (which benefits virus transmission) to predominate (Fig. 6.2) (Westwood 

et al., 2013a). The effect of 1a on the 2b protein, however, does not affect its ability 

to suppress RNA silencing and so is also beneficial to the virus. The VSRs of several 

viruses target AGO1 in order to prevent antiviral silencing (discussed in Section 

1.5.2 Viral suppressors of RNA silencing). However, disruption of antiviral silencing, 

via AGO1 inhibition, can also interfere with the miRNA signalling pathway. For 

example, the polerovirus P0 protein targets AGO1 for destruction (Pazhouhandeh 

et al., 2006; Baumberger et al., 2007; Bortolamiol et al., 2007), and the potyvirus 

HC-Pro binds to miRNA biosynthetic intermediates (Kasschau et al., 2003; 

Chapman et al., 2004; Lakatos et al., 2006). For viruses that do not require aphids 

for transmission, inhibiting AGO1 is an effective strategy for preventing antiviral 

silencing. However, the 2b-AGO1 interaction could be viewed as a booby trap, since 
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for CMV the induction of antibiosis results in poor aphid performance. In order to 

avoid disrupting the miRNA pathway, CMV subverts RNA silencing primarily 

through sequestration of siRNAs (Gonzalez et al., 2012). Furthermore, inhibiting 

AGO1 activity may be a counterproductive means of inhibiting antiviral RNA 

silencing. In Arabidopsis, AGO1 regulates AGO2 mRNA levels using miR403 and 

de-repression of AGO2 accumulation by the 2b protein triggers the establishment 

of another layer of antiviral silencing (Harvey et al., 2011). Thus, the interaction 

between the 1a replication protein and the 2b VSR represents a novel form of 

regulation by which a virus is able to modulate its ability to induce symptoms, 

suppress host resistance while simultaneously modifying interactions between its 

host and its insect vectors. 

 

 

6.3 The 1a protein relocates the 2b protein to P-bodies 
 

In Chapters 4 and 5 I confirmed that the 1a protein localised to P-bodies, and that 

the 1a protein is able to relocate the 2b protein to this cellular compartment. I 

observed that the 2b and 1a protein as well as AGO1 colocalised to P-bodies. This 

suggests that the spatial distribution of the 2b protein, dictated by the 1a protein, 

may play an important role in preventing the induction of antibiosis without 

compromising 2b VSR activity. 

 

The RNA decay pathway is essential in maintaining mRNA quantity and quality 

control. RNA decay or exonucleolytic RNA turnover is a 5’–3’ and 3’–5’ 

exoribonuclease-dependent, ubiquitous mechanism by which mRNA molecules are 

enzymatically degraded (Zhang et al., 2017). It is initiated by removal of the 3’-

poly(A) tails followed by exosome complex-mediated 3’–5’ cleavage or decapping 

and subsequent exoribonuclease (XRN)-mediated 5’–3’ decay (Souret et al., 2004). 

Deadenylation is catalysed by a conserved poly(A)-specific ribonuclease and the 

conserved carbon catabolite repressor 4 complex (Liang et al., 2009). Removal of 

the 5’ cap is catalysed by the combined action of several conserved decapping 

proteins (DCP) (Zhang et al., 2017). In Arabidopsis, the decapping complex is 
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comprised of DCP1, DCP2, DCP5 and VCS (Xu et al., 2006), which are also 

involved in P-body formation and translational repression (Xu et al., 2009). 

 

P-bodies are cytoplasmic ribonucleoprotein foci implicated in miRNA-directed RNA 

slicing and mRNA storage, and their formation is increased by induction of RNA 

silencing (Eulalio et al., 2007; Kulkarni et al., 2010). I observed that a P-body 

decapping protein, DCP1, co-localised with the 1a protein, indicating that a fraction 

of the 1a protein associates with P-bodies. I have not confirmed whether the 1a 

protein and DCP1 directly interact, if DCP1 and the 1a protein are in close proximity, 

or if the 1a protein interacts with other P-body components.  

 

Viruses have mechanisms to protect their RNA molecules from the host surveillance 

machinery. TMV is able to activate RNA decay pathways to down-regulate RNA 

silencing and modulate symptom development (Conti et al., 2017). Recently, it was 

shown that turnip mosaic virus (TuMV) infection is able to disrupt the RNA decay 

pathway (Li and Wang, 2018). The TuMV HC-Pro VSR is able to interact and inhibit 

XRN4 slicing activity while VPg (a genome-linked viral protein) is able to disrupt the 

interaction between DCP1 and DCP2 by targeting DCP2 to the nucleus. Similarly 

the CMV CP was shown to play a role in the binding of viral RNAs, and was shown 

to interact with the RDR6/SGS3 complex (Zhang et al., 2017). It was proposed that 

the ability of the CP to bind RNAs protects viral RNA intermediates from RNA decay, 

which increases the substrate concentration of RDR/SGS3 complex and 

subsequently improves host antiviral silencing (Zhang et al., 2017). AGO7 was 

shown to accumulate with SGS3 and RDR6 in cytoplasmic siRNA bodies that are 

distinct from P-bodies. siRNA bodies are formed upon stress-induced translational 

repression. AGO7 congregates with miR390 and SGS3 in membranes and its 

targeting to the nucleus prevents its accumulation in siRNA bodies and ta-siRNA 

formation.  

 

In human cells the interaction between AGO proteins and the P-body-associated 

GW182 (TNRC6A) is critical to gene silencing (Lazzaretti et al., 2009). GW182 co-

localises with proteins of decapping in cytoplasmic foci, which were initially known 

as GW-bodies (Eystathioy et al., 2003). Plant P-bodies share many conserved 

proteins with yeast and human P-bodies indicating that plant P-bodies execute 
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similar functions, i.e. translational repression and decapping. Human AGO1 and 

AGO2 co-localize to DCP1 and are well known markers (Liu et al., 2005). AGO2 

has not been identified in cytoplasmic foci in plants, but is far less characterised 

compared to AGO1. 

 

These results are the first to my knowledge to demonstrate a link between CMV, P-

bodies and the RNA decay pathway. I was unable to establish if the 1a protein 

directly interacts with DCP1, or other P-body components. Several recent 

publications have documented that viral proteins interact with components of the 

RNA decay pathway, such as DCP2 and VCS (Li and Wang, 2018; Lukhovitskaya 

and Ryabova, 2019). However, without knowing which P-body component the 1a 

protein interacts with it is hard to assume if it is involved in disrupting RNA decay. It 

is more likely that the 1a protein is only present at P-bodies as a function of its role 

in limiting the 2b-AGO1 interaction.  

 

My results suggest that P-bodies are an important during CMV infection, which the 

1a protein can modify to allow the degradation of mRNA transcripts, when miRNA-

directed slicing of RNA targets is disrupted by the 2b protein. If AGO1 slicer activity 

is restored by the 1a protein in P-bodies, it suggests that target mRNAs may be 

processed, or stored within P-bodies. It is unlikely that AGO1 slicer activity is 

completely blocked by the 2b protein during CMV infection. Unlike in animals, there 

is minimal evidence of miRNA-mediated mRNA decay independent of slicer activity 

in plants (Arribas-Hernández et al., 2016). This suggests that the 1a protein may 

restore AGO1’s role in miRNA-directed mRNA cleavage or RNA decay within P-

bodies. Although the exact process that regulates the AGO1-dependent 

degradation of mRNA targets during CMV infection will require further investigation. 

 

Further studies should make use of BiFC assays to determine if the 1a protein 

interacts directly with DCP1, or other P-body proteins. If the 1a protein was found 

to interact with a P-body component this would represent a novel interaction 

between a viral replicase protein and a host P-body component. Although even if 

the 1a protein interacts with a host component involved in RNA decay/miRNA 

processing, it is unlikely to inhibit its function. As transgenic plants expressing the 

1a protein do not show any developmental phenotypes or induce antibiosis it 
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suggests that the 1a protein itself does not disrupt miRNA biogenesis or the 

downstream activity of miRNA-directed slicing of mRNA targets (Fig. 3.3, Fig. 3.4). 

It would also be interesting to explore if the LS-CMV 1a protein localises to P-bodies. 

As the LS-CMV 2b protein does not interact with AGO1, or trigger antibiosis in 

Arabidopsis, it would be interesting to observe if the LS-CMV 1a protein is able to 

co-localise with DCP1. If it does not localise with DCP1, this would support our 

hypothesis that the Fny-CMV 1a protein localises to P-bodies to prevent the 

induction of antibiosis during infection. 

 

 

 

6.4 The 1a protein is a key regulator of 2a-induced antixenosis and 2b-induced 
antibiosis 
 

In both Arabidopsis and tobacco, the 1a and 2b proteins appear to have antagonistic 

roles in conditioning CMV-induced effects on aphid–plant interactions. In 

Arabidopsis, AGO1 negatively regulates antibiosis against aphids (Kettles et al., 

2013; Westwood et al., 2013a) and the inhibition of AGO1 by the Fny 2b protein 

induces antibiosis (Westwood et al., 2013a). It was initially hypothesised by 

Westwood et al. (2013a) that direct or indirect interactions between viral gene 

products might tune host anti-aphid defence responses. In tobacco, the 1a protein 

has the ability to trigger antibiosis against aphids, but this is counteracted by the 2b 

protein (Tungadi et al 2019; Ziebell et al., 2011). My results confirmed a direct 

interaction between the 2b and 1a protein. I additionally showed that the 1a protein 

competes with AGO1 for interaction with the 2b protein. This suggests that 

interaction between the 1a and 2b proteins determines whether antixenosis or 

antibiosis is the dominant form of CMV-induced aphid resistance in different hosts 

(Tungadi et al., 2020; Westwood et al., 2013a).  

 

During early infection replication is prioritised and as a result the majority of 1a 

protein is coupled to the 2a protein at tonoplast replicase complexes, which is 

required for efficient replication of viral RNAs. However, the 2b RNA silencing 

suppressor protein of CMV inhibits antiviral silencing primarily by binding of virus-
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derived siRNAS (González et al., 2012), allowing viral gene products including the 

1a and 2a replicase proteins, to accumulate. During the initial infection, before 

cytoplasmic 2a is able to induce antixenosis, 2b-induced inhibition of AGO1 may 

result in antibiosis being the dominant form of resistance. As virus infection 

progresses, an increasing amount of the 2a protein becomes phosphorylated (Kim 

et al., 2002), preventing replicase formation. Disassociation of the replicase 

complex allows the 1a protein to carry out other functions. An increasing amount of 

the 1a protein may be free to localise to P-bodies that have formed as a result of 

antiviral silencing (Eulalio et al., 2007). The movement of the 1a protein to the P-

body is required for the relocation of the 2b protein to P-bodies. 

 

My results suggest that the 1a protein competitively binds to the 2b protein 

preventing its interaction with AGO1. But it appears that in P-bodies the close 

proximity of 1a-2b-AGO1 may be an important aspect of this interaction. The 

outcome of the 2b-AGO1 interaction appears to be dependent on which cellular 

compartment they are located. It is possible that the 1a protein restores AGO1 slicer 

activity by competing with AGO1 for interaction with the 2b protein exclusively in P-

bodies. This is supported by the observation that 2b-AGO1 interaction still occurred 

in the cytoplasm when 1a was present. An increase in the amount of free 2a protein 

in the cytoplasm and concomitant build-up of 1a protein in P-bodies is likely to 

prevent 2b-induced suppression of AGO1 slicer activity. As the 1a protein does not 

interact with AGO1 directly, and does not disrupt the miRNA pathway, its presence 

at P-bodies is most likely related to its ability to relocate the 2b protein. The spatial 

separation of AGO1 when it is in complex with the 2b protein appears to permit 2b’s 

inhibition of AGO1 slicer activity in the cytoplasm, while maintaining AGO1 slicer 

activity within P-bodies. This is in agreement with my observation that the 1a protein 

has no effect on 2b VSR activity.  

 
Therefore, the 1a protein represents a key regulator of antibiosis and antixenosis. 

As the relative proportion of 1a protein binding to the 2a, or 2b protein likely 

determines which pathway is induced. The 1a protein could be observed as a 

suppressor of antibiosis, this is partly due to its ability to interact with the 2b protein. 

Complete, inhibition of the 2b-AGO1 interaction would likely not be beneficial for 

virus replication, as it is important that RNA-silencing is maintained. However, the 
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1a protein can bypass complete inhibition of 2b protein activity by spatially 

separating this interaction to P-bodies. 

 

The ability for CMV to induce antibiosis and antixenosis in Arabidopsis may have 

biological significance. Early aphid infestation of a host plant may result in the host 

plant being killed before virus replication has had time to produce inoculum, or lead 

to aphid overcrowding causing the departure of winged aphids before sufficient 

inoculum has built up. Similarly, the early build of aphid vectors may trigger 

additional host defences or signalling pathways that may negatively affect viral 

replication. It is unknown if these two distinct forms of resistance are mutually 

exclusive, or form a continuum depending on the dynamic of viral proteins in the 

cell. The interplay of the 1a, 2b and 2a proteins allows this CMV to overcome RNA 

silencing-mediated resistance, while avoiding the induction of antibiosis, and 

inducing the synthesis of a feeding deterrent, 4MI3M, through activation of 

defensive signalling. 
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Figure 6.2. The interaction of the CMV 1a and 2b protein regulates the ability of 

AGO1 to induce strong aphid resistance. 

The 2b RNA silencing suppressor protein of CMV inhibits antiviral silencing through 

binding of virus-derived siRNAs (González et al., 2012), allowing viral gene products 

including the 1a and 2a replicase proteins, to accumulate. The 2b protein can also 

bind to and inhibit AGO1 slicer activity, AGO1 also negatively regulates induction of 

a toxicity-based resistance to aphids (antibiosis). The 1a replicase protein is able to 

bind to the 2b protein in processing bodies (P-bodies) and moderates the inhibition 

of AGO1 by the 2b protein. The 1a-2b protein interaction occurs in the P-body and 

restores AGO1 activity, which normalises miRNA-directed slicing of mRNA targets 

during CMV infection preventing the induction of antibiosis. Phosphorylation of the 

2a protein causes disassociation of the viral replicase complex. The 2a protein is 

then able to induce defence signalling, which results in feeding deterrence, which 

is thought likely to increase aphid dispersal and thus enhance transmission of non-

persistently aphid-transmitted viruses like CMV (Westwood et al., 2013a). 
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6.5 Future avenues of work 
 

6.5.1 Identifying 2a-interacting host proteins that trigger antixenosis 

 

The 2a protein induces anti-aphid resistance when transgenically expressed in 

Arabidopsis (Westwood et al., 2013a). Currently, we do not know which host factors 

interact with the 2a protein to initiate immune signalling. Early in my project I 

generated infectious clones of Fny-CMV and LS-CMV RNA 2 containing a FLAG 

tag at the N terminal. I was able to immunoprecipitate the 2a protein and detect the 

2a protein with anti-FLAG antibodies when purified from infected N. benthamiana 

and Arabidopsis plants.  

 

Due to time constraints and focusing on other aspects of my project I was unable to 

progress with this research theme. My original aim was to immunoprecipitate the 2a 

protein from Arabidopsis plants infected with Fny-CMV and LS-CMV and identify 

potential interacting proteins. Proteins that interact with the Fny-2a and LS-2a 

proteins are unlikely to be responsible for triggering anti-aphid resistance since this 

is specific to the Fny-2a protein. Comparing the sequences of the 2a protein the N-

terminal region was identified as the most likely region causing antixenosis 

induction. In future work this region could be expressed transiently in N. 

benthamiana and used as bait to characterise interacting proteins.  

 

6.5.2 Identifying regions of the 2b protein that bind to the 1a protein  

 

In Chapter 4 I demonstrated that the 1a and 2b proteins interact. Future work 

investigating this interaction will likely provide insights into the exact nature of this 

interaction. I initially observed that the 1a protein is able to supress 2b-inhibition of 

AGO1 activity in transgenic Arabidopsis plants. This suggests that this interaction 

in Arabidopsis is relevant during CMV infection. I carried out all further interaction 

work using transient expression of viral fusion proteins in N. benthamiana. It would 

be worth re-confirming the 1a-2b interaction in planta during CMV infection by co-

immunoprecipitation. This would help understand the dynamics of when this protein 
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interaction occurs during infection, and if it is correlated to changes in expression of 

marker genes associated with antibiosis or antixenosis. 

  

Current work in our group aims to identify which regions of the 2b protein are 

required for the interaction with the 1a protein. The C-terminal domain of the 2b 

protein encompasses 16 amino acid residues that have been shown to negatively 

regulate symptom induction and severity in three different host species (Lewsey et 

al., 2007). This effect was assumed to be due to increased inhibition of AGO1 

activity by the mutant 2b∆95-110 protein. In light of my observation that the 2b and 1a 

proteins interact, it is possible that increased symptoms associated with CMV 2b∆95-

110 infection are due to a loss of interaction with the 1a protein. It is likely that that a 

mutant 2b protein with a loss of 1a interaction would have exaggerated disease 

symptoms, compared to the wildtype 2b protein, and antibiosis would be induced. 
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