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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.

| 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.



Contents

Dedication i
Acknowledgments ii
Declaration iii
Summary iv
Contents v
List of Figures iX
List of Tables Xi
List of Abbreviations Xii
Chapter. 1 General Introduction 1
1.1 Background 1
1.2 Cucumber mosaic virus 2
1.2.1 CMV genome organisation 3
1.2.2 Classification of CMV subgroups 5
1.2.3 CMV gene products 6
1.2.3.1 The 1a protein 6
1.2.3.2 The 2a protein 8
1.2.3.3 The 2b protein 9
1.2.3.4 The movement protein 12
1.2.3.5 The coat protein 12

1.3 CMV transmission by aphid vectors 13
1.4 Plant innate immunity 15
1.4.1 Plant antiviral immunity 16
1.5 RNA silencing 20
1.5.1 Viral suppressors of RNA silencing 24
1.5.2 MicroRNA antiviral signalling 25
1.6 Plant immunity triggered by CMV 28
1.7 Aims and objectives 33
Chapter 2. General Materials and Methods 34
2.1 Chemicals and molecular biology reagents 34



2.1.1 Sterilisation of solutions and equipment

2.2 Plant materials
2.2.1 Brassicaceae
2.2.2 Arabidopsis accessions and mutants

2.2.3 Solanaceae

2.3 Cucumber mosaic virus
2.3.1 Strains
2.3.2 Virus preparation

2.3.3 Inoculation

2.4 Aphid experiments
2.4.1 Aphid species
2.4.2 Aphid colony growth assay

2.4.2 Aphid mean relative growth rate assay

2.5 Nucleic acid manipulations
2.5.1 Polymerase chain reaction (PCR) conditions
2.5.2 Gel electrophoresis of DNA
2.5.3 Extraction of DNA from agarose gel
2.5.4 Plasmid DNA purification
2.5.5 DNA sequencing
2.5.6 Generation of expression vectors

2.5.7 Mutagenesis of plasmids

2.6 Molecular biology techniques
2.6.1 Transformation of E. coli
2.6.2 A. tumefaciens competent cell preparation
2.6.3 Transformation of A. tumefaciens

2.6.4 A. tumefaciens transient expression assay

2.7 Protein methods
2.7.1 Extraction and quantification of proteins from plants
2.7.2 SDS-polyacrylamide gel electrophoresis
2.7.3 Immunoblot analysis

2.7.4 Immunoprecipitation

2.8 Confocal laser scanning microscopy

2.8.2 Staining of plant tissue

2.9 Arabidopsis PTI assays

34

34
34
35
36

37
37
37
38

39
39
39
40

40
40
41
41
42
42
42
46

46
46
46
47
47

48
48
48
49
50

51
51

52

Vi



2.9.1 Bacterial inoculation by infiltration
2.9.2 Preparation of crude extracts from CMV infected plants

2.9.3 Root growth experiments

2.10 Statistical analysis

Chapter 3. Characterising PAMP-triggered immunity induced by Fny-CMV in
Arabidopsis

3.1 Introduction

3.2 Results
3.2.1 Identifying domains of the Fny 2a protein responsible for induction of
antixenotic resistance to aphids
3.2.2 The 2a protein induces antixenosis when transgenically expressed in
Arabidopsis
3.2.3 Determining the role of BAK1 in CMV-induced aphid resistance
3.2.4 CMV-induced resistance affects specialist and generalist aphids differently

3.2.5 Aphid performance is not affected in flg22-treated plants

52
53
53

53

54

54

55

55

60
64
66
71

3.2.6 CMV infection can induce the BAK1-dependent root growth inhibition response

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
3.3.2 Determining the role of BAK1 in CMV-induced aphid resistance
3.3.3 Aphid performance is not affected in flg22 treated plants

Chapter 4. The CMV 1a protein interacts with the 2b protein and regulates the

induction of antibiosis in Arabidopsis
4.1 Introduction

4.2 Results
4.2.1 The CMV 1a protein inhibits 2b-induced resistance to aphid colony growth
4.2.2 Subcellular localisation of 1a, 2a and 2b CMV proteins
4.2.3 The 1a protein localises to P-bodies
4.2.4 The 1a protein redistributes the 2b protein
4.2.5 The 1a protein interacts directly with the 2b protein but not with AGO1 in
bimolecular fluorescence complementation assays

4.2.6 The 2b and 1a protein co-immunoprecipitate in vivo

74

80

80
81
82

85
85

86
86
88
93
96

100
106

Vii



4.3 Discussion 109
4.3.1 Subcellular localisation of 1a, 2a and 2b proteins 109

4.3.2 The 1a protein directly interacts with the 2b protein 110

Chapter 5. The 1a protein competes with AGO1 for binding to the 2b protein, but

without inhibiting 2b RNA silencing suppressor activity. 113
5.1 Introduction 113
5.2 Results 114

5.2.1 The CMV 1a and 2b proteins colocalise with host components of the RNA
silencing and RNA decay pathways 114
5.2.2 The 1a protein inhibits 2b protein AGO1 binding 124
5.2.2 The 1a protein alters 2b protein localisation but does not affect 2b silencing
suppressor activity 129
5.3 Discussion 131
5.3.1 Viral proteins colocalise with host components of the RNA silencing and RNA
decay pathways 131
5.3.2 The CMV 1a replication protein and 2b VSR interact directly to modulate AGO1
activity 132
5.3.3 The interaction of 1a and 2b does not inhibit 2b VSR activity 134
Chapter 6. General Discussion 136

6.1 CMV-induced inhibition of aphid growth and reproduction in Arabidopsis are

mediated via two parallel defensive signalling pathways 136

6.2 The CMV 1a protein interacts directly with the 2b protein and prevents the induction

of antibiosis in Arabidopsis 140
6.3 The 1a protein relocates the 2b protein to P-bodies 142

6.4 The 1a protein is a key regulator of 2a-induced antixenosis and 2b-induced

antibiosis 145
6.5 Future avenues of work 149
6.5.1 Identifying 2a-interacting host proteins that trigger antixenosis 149
6.5.2 Identifying regions of the 2b protein that bind to the 1a protein 149
Bibliography 151

viii



List of Figures

Figure 1.1. Genome organisation of CMV. ... 5
Figure 1.2. The CMV 2b protein is a multifunctional protein with roles in

counterdefence and the elicitation of host defences. .........cccccociiiiiiiiines 11
Figure 1.3. RNA-based immunity in plants. ... 23
Figure 1.4. MicroRNA biosynthesis and modes of action in plants. ...................... 27

Figure 1.5. Model depicting the interaction between the CMV proteins and host
components central to defence signalling. ... 32
Figure 3.0. Systemic disease symptoms on plants infected with reconsulted viruses

and viral reassortant, and recombinant ViruSes. ..o 57

Figure 3.1. Amino acid sequence alignment and similarity between the Fny- and LS-
2= o (0] = | o 1R 59
Figure 3.2. The 2a protein inhibits aphid reproduction, as well as growth rate. ....61
Figure 3.3. Aphid reproduction as well as growth rate is decreased on transgenic
Arabidopsis plants expressing viral proteins. .............oouiiiiiiiinr e 62
Figure 3.4. Symptoms of CMV-infected and phenotypes of transgenic Arabidopsis
plants constitutively expressing various Fny-CMV proteins. .............cccccvvviiieeeenn. 63
Figure 3.5. CMV infection appears to induce two distinct forms of resistance to M.
persicae, only one of which may be BAK1-dependent. ...............cccooiiiiiinnn. 65

Figure 3.6. CMV-induced changes in specilalist and generalist aphid performance

on wild-type Arabidopsis, bak1 and bak1 bkk1 mutant plants...............cccccoeeee 69
Figure 3.7. Foliar application of flg22 induces PTI in Arabidopsis..........ccccc.......... 72
Figure 3.8. Aphid resistance is not induced by flg22 foliar application................... 73

Figure 3.9. Arabidopsis root growth is inhibited by the application of PAMPs....... 76
Figure 3.10. CMV-infected plant extract inhibit root growth inhibition in Arabidopsis
SEEAIINGS. .o e e e e e e e e e e e e e 77
Figure 3.11. Crude extracts of CMV-infected Arabidopsis contain elicitors that
induce BAK1-dependent PTI reSPONSES. .....oovviiuiiiiiiiiiieee e 78
Figure 3.12. Root growth inhibition is triggered by CMV-infected plant extract and
NOt DY PUFIfIEA VIFIONS. ... 79



Figure 4.1. Aphid colony growth on transgenic Arabidopsis plants expressing the 1a

E= ] Lo 102 o B o] (o) (=1 o I 0 87
Figure 4. 2. Subcellular localisation of the CMV 1a and 2b proteins..................... 91
Figure 4.3. The 1a protein alters the localisation of the 2a protein observed using
CONFOCAI MICTOSCOPY . ...eeeeeeeetiieeee e e ettt ettt e e e e e e e e e e e e e e e e enees 92
Figure 4.4. The P-body marker DCP1 colocalises with the 1a protein.................. 95
Figure 4.5. The subcellular localisation of the 2b protein is altered by the 1a protein.
............................................................................................................................... 98
Figure 4.6. The 1a protein does not alter the localisation of GFP. ....................... 99

Figure 4. 7. The sYFP-1a protein interacts with itself and the 2a protein but not with
AGOT IN BiFC @SSAYS. ...ttt 103

Figure 4.8. The 1a and 2b proteins interact with each other in vivo. Agroinfiltrated

tissue was observed using confocal MICrOSCOPY . .......uuurererrriiiiiiiiiaaeiaeaaiiiieenes 104
Figure 4.9. Co-immunoprecipitation of the 1a and 2b protein in vivo. ................. 107
Figure 5.1. The 1a protein colocalises with AGO1 and the 2b protein. ............... 117
Figure 5.2. AGO1 colocalises with DCP1 and the 2b protein..............ccccccceeee 118
Figure 5.3. The Fny-CMV, but not the LS-CMV, 2b protein interacts with Arabidopsis
X S 120
Figure 5.4. The 1a protein recruits the 2b protein to P-bodies. ............cccccccc.... 122
Figure 5.5. AGO1 does not interact with the 1a protein in vivo. ......................... 125

Figure 5.6. The CMV 1a protein inhibits the 2b protein from binding to AGO1...126
Figure 5.7. The 1a protein prevents 2b and AGO1 from interaction in BiFC assays.

Figure 6.1. CMV-induced resistance is able to induce two distinct pathways in
Arabidopsis that affect Myzus persicae performance. ............ccccooeeeeiiiiiiiiinninnn. 139
Figure 6.2. The interaction of the CMV 1a and 2b protein regulates the ability of
AGO1 to induce strong aphid resistance. ... 148



List of Tables

Table 1.1. Role of CMV proteins during infection.................c.ooiiiiin. 4

Table 2.1. Primers used in the construction of fusion protein vectors. .................. 45

Table 3.1. CMV-induced resistance consists of two resistance mechanisms. ...... 68

Xi



List of Abbreviations

4MI3M
ABA
AGO
BAK1
BiFC
BMV
BR
CaMVv
CMV
CP
DAMP
DCL
dsRNA
ETI
flg22
Fny-CMV
GFP
HR
I3M

JA
LS-CMV
MAMP
MAPK
mMiRNA
MP
MRGR
NLR
NLS
NT
ORF
ORMV
P-bodies
PAD3
PAMP
PRR
PTGS

4-methoxy-indol-3-ylmethylglucosinolate
abscisic acid

Argonaute

BRI1-ASSOCIATED RECEPTOR KINASE
bimolecular fluorescence complementation
Brome mosaic virus

brassinosteroid

cauliflower mosaic virus

cucumber mosaic virus

coat protein

damage-associated molecular patterns
dicer-like proteins

double-stranded RNA

effector-triggered immunity

22 amino acid epitope of flagellin

(see also CMV) CMV strain Fast New York
green fluorescent protein

hypersensitive response

indol-3-ylmethyl glucosinolate

jasmonic acid

CMV strain Lactuca sativa
microbe-associated molecular pattern
mitogen-activated protein kinases
microRNA

movement protein

mean relative growth rate
nucleotide-binding site leucine-rich repeat
nuclear localisation sequences
non-transgenic

open reading frame

oilseed rape mosaic virus

processing bodies

PHYTOALEXIN DEFICIENT 3
pathogen-associated molecular pattern
pattern recognition receptor

posttranscriptional gene silencing

Xii



PTI
RdRp
RFP
RISC
RLK
RLKs
RNAI
ROS
SA
siRNA
ssRNA
TCV
TF
TLR
TMV
TuMV
VSR
YFP

PAMP-triggered immunity
RNA-dependent RNA-polymerase
red fluorescent protein
RNA-induced silencing complex
receptor-like kinases
receptor-like kinases

RNA interference

reactive oxygen species

salicylic acid

short interfering RNA

single stranded RNA

turnip crinkle virus

transcription factor

toll-like receptor

tobacco mosaic virus

turnip mosaic virus

viral suppressor of RNA silencing
yellow fluorescent protein

Xiii



Chapter 1. General Introduction

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, | 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 Garcia-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 (Carrére 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 Garcia-Arenal, 2019). CMV is globally distributed
and is considered an important disease in temperate, tropic and subtropical regions
(Palukaitis and Garcia-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 Garcia-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 (7a, 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 Garcia-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.

Protein Encoded by Function(s)

Localisation

Reported interactions

Reference

1a

2a

2b

cpP

MP

RNA1

RNA2

RNA2

RNA3

RNA3

Involved in CMV replication
Interaction with host proteins
Systemic movement of CMV

RNA polymerase
Induction of antixenosis

Viral suppresor of RNA silencing
Binding sRNA
AGO binding activity

Formation of virus particles
Cell-to-cell and systemic movement
Plant-to-plant transmission by aphids

Cell-to-cell and systemic movement

Vacuolar membrane
Processing bodies

Vacuolar membrane
Cytoplasmic

Nucleous
Nucleolous
Cytoplasm

Cytoplasmic
Bundle sheath cells

Plasmodesmata
Partial sieve elements

2a protein
2b protein
Tcoil
BRP1
TIP1 /TIP2
NtTLP1

1a protein
CIPK12
MP

1a protein

AGO1 (Subgroup | stains)
AGO4

CAT3

Chloroplast ferredoxin |

2a

O’Reilly et al., 1998

Watt et al., in preparation
Kim et al., 2006b, 2008
Chaturvedi et al., 2016
Kim et al., 2006a

Kim et al., 2005

O'Reilly et al., 1998
Kang et al., 2012
Hwang et al., 2005

Watt et al., in preparation
Zhang et al., 2006
Gonzalez et al., 2012
Inaba et al., 2011

Qiu et al., 2018

Hwang et al., 2005
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1.2.2 Classification of CMV subgroups

Initially, CMV strains were classified into two Subgroups, Subgroup | and Subgroup
Il, 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 Il
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).

Genomic RNA 1 Genomic RNA2
5 — 1a — 30H 5—] 2a — 3'OH
2b
Genomic RNA 3 l
5 MP 3'0OH
— — P = Sub-genomic RNA 4A
l 1 kb

Sub-genomic RNA 4

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 Garcia-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 TcoiZ2,
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 Garcia-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 a