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Summary

The cucumber mosaic virus (CMV) 2b multifunctional protein is a suppressor of plant defences
and an important determinant of viral pathogenesis. The effect of the 2b protein on symptom
induction is due in large part to its physical interaction with the host RNA silencing factor
Argonaute 1 (AGO1). The consequent inhibition of AGO1 activity induces developmental
symptoms such as stunting and organ deformation in CMV-infected plants. In Arabidopsis
thaliana, if 2b-induced inhibition of AGO1 is too strong this de-represses resistance against
aphids, the insect vectors of CMV, which will be deleterious to virus transmission. In my initial
work, I helped to establish that another CMV protein, the 1a replication protein, also binds to
the 2b protein and modulates the 2b-mediated inhibition of AGO1 activity. This prevents
induction of aphid resistance in CMV-infected A. thaliana plants and represents a novel
regulatory system in which viral counter-defence protein functions are selectively modulated
by another viral protein. I investigated why 2b proteins of Subgroup IA and IB CMV strains
seemed able to interact with AGO1 and induce strong developmental symptoms and aphid
resistance whereas 2b proteins of CMV strains of Subgroup II could not. Challenging
established ideas, I demonstrated that a Subgroup II strain (LS-CMV) 2b protein can physically
interact with and inhibit AGO1. I also found that the 2b protein of an atypical CMV Subgroup
IA strain (Ho-CMV) that does not induce symptoms also binds to and inhibits AGO1. I showed
that the property that distinguishes in vivo complex formation between AGO1 and the Ho-
CMYV or LS-CMYV 2b protein is that it occurs predominantly in host cell nuclei. However, most
Subgroup IA or IB CMV 2b proteins complex with AGO]1 to a greater extent in the cytoplasm.
I identified specific 2b residues that appear to facilitate 2b-1a protein-protein interactions, and
in the process of investigating potential regions of the 2b protein needed for 2b-AGO1 complex
formation I found evidence that the 2b protein may contain intrinsically disordered regions.

Such disorder may explain the ability of the 2b protein to interact with a wide range of factors.
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Chapter 1. General Introduction

1.1 Importance of plant viruses

The global population will reach 9.7 billion by 2050 (United Nations, 2022) which, coupled
with climate change and the ongoing biodiversity crisis, means there is an urgent need to
improve crop yields sustainably and, if possible, without increased land use. Plant pathogens
represent a major risk to food security with up to 40% of crops lost due to pests and pathogens
(Savary et al., 2019). Plant viruses make up almost half of these disease-causing pathogens and
are estimated to cause over US$30 billion in crop losses every year (Nicaise et al., 2014).
Intensive farming practices with large monocultures of genetically very similar plants increases
the risk viruses pose to agriculture (Elad and Pertot, 2014; Fereres and Raccah 2015). Viruses
are estimated to cause half of all emerging crop diseases worldwide (Anderson et al., 2004;
Scholthof et al., 2011) and disease emergence is only likely to increase as climate changes fuel
the spread of insect vectors and naive populations of plants become exposed to viruses. Insights
from plant virus research are essential if we are to keep pace with existing problems and to

combat crop losses due to emerging pathogens.

Viruses are obligate intracellular biotrophic pathogens which must replicate sufficiently to
generate inoculum for further transmission, while avoiding triggering the host immune system.
Plant viruses rarely kill their hosts, but they can potentially severely affect normal development
and growth and in the case of crop plants may reduce yield and quality (Loebenstein, 2009).
The cause of disease symptoms in plants vary but are typically caused by specific viral gene
products (Section 1.6). Exponential replication of the viral genome within host cells favours

the evolution of a small genome (the smaller the genome the faster it can replicate) and



consequently viral proteins are often small and multifunctional (DiMaio, 2012). Understanding
the mechanisms by which viruses subvert host defence and cause disease, through studying the
interactions of viral proteins, is key to the development of resistant varieties of crops for the

future of food security.

1.2 Cucumber mosaic virus

1.2.1 Taxonomy, host range and distribution

Taxonomically, Cucumber mosaic virus (CMV) is the type species of the Cucumovirus genus
and is placed in the virus family Bromoviridae (Yoon et al., 2019). As well as CMV, the
Cucumovirus genus contains the species Gayfeather mild mottle virus, Peanut stunt virus and
Tomato aspermy virus (TAV) (Bujarski et al., 2019). CMV strains are classified into the
Subgroups IA, IB and II based on RNA sequence similarity (Palukaitis and Garcia-Arenal,
2003; Balaji et al., 2008; Jacquemond, 2012). This study focused on the Subgroup IA strains
Fast New York (Fny) and Hosokura (Ho) and the Subgroup II strain ‘Lactuca sativa’ (LS) of
CMV. Fny-CMV was first isolated in New York State from Cucumis melo (Roossinck and
Palukaitis, 1990) and LS-CMV was also isolated in upstate New York from lettuce by
Provvidenti et al. (1980). Ho-CMV was isolated more recently from the perennial wild plant
Arabidopsis halleri, which is a close relative of the widely used experimental model plant
Arabidopsis thaliana (A. thaliana), in an area of the abandoned Hosokura mine in the Tohoku

region of Japan (Takahashi et al., 2022).

CMV is an agronomically important virus with one of the largest host ranges of any virus,
which is currently estimated to comprise 1071 species across 521 plant genera (Yoon et al.,
2019). Some of the key crop species affected by CMV include cucumber, watermelon, melon,

pumpkin, summer squash, winter squash, pepper, broad bean, lima bean, snap bean, tomato



and potato (Yoon et al., 2019). CMV is distributed worldwide but causes the most significant
crop losses in tropical and subtropical regions, most likely because of the increased prevalence

of its aphid vectors in warmer climates (Palukaitis and Garcia-Arenal, 2003).

1.2.2 The cucumber mosaic virus genome

CMV is a single-stranded, positive-sense RNA virus with a genome composed of three
genomic RNAs (RNA 1, RNA 2, and RNA 3) that encode five proteins (Figure 1.1) (Peden
and Symons, 1973; Palukaitis and Garcia-Arenal, 2003; Jacquemond, 2012). Each RNA
molecule possesses a 5’ 7-methyl-guanosine cap and a conserved 3’ tRNA-like structure. RNA
1 is the translation template for the 110 kDa 1a protein which functions as a methyltransferase
and RNA helicase. RNA 2 functions as the translation template for the 97 kDa 2a protein which
functions as an RNA-dependent RNA polymerase, and RNA 2 also encodes the multifunctional
2b protein which is translated from the RNA 2-derived subgenomic RNA 4A (Ding et al., 1994;
Li and Ding, 2006; Jacquemond, 2012) (Figure 1.1). The first open reading frame (ORF) of
RNA 3 is directly translated to yield the movement protein, whilst the second ORF of RNA 3
(ORF3Db) encodes the coat protein, which is expressed from subgenomic RNA 4 (Palukaitis
and Garcia-Arenal, 2003; Jacquemond, 2012) (Figure 1.1). The coat protein not only forms the
icosahedral shell of each CMV particle, but also allows virus particles to attach to receptors in
the acrostyle region of the stylets (piercing mouthparts) of aphids, the insects that vector CMV
(Liu et al., 2002; Webster et al., 2018). All CMV proteins appear to be multifunctional and
have diverse effects in the host but some of their best characterised functions are detailed below

in Section 1.3.
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Figure 1.1 Cucumber mosaic virus (CMV) genomic organization. The genome is composed
of three single-stranded positive-sense RNAs, named 1-3 in order of decreasing size. RNA1 is
monocistronic and encodes protein 1a. RNA2 encodes the 2a protein and the smaller 2b protein,
which is expressed from an open reading frame (ORF) overlapping the 3’-terminal region of
ORF 2a. Bicistronic RNA3 encodes the movement protein (MP) of the virus, and the coat
protein (CP). In bicistronic RNA the 3’-proximal ORFs are expressed by translation of the
subgenomic RNAs 4A and 4 to produce the 2b protein and CP, respectively. Figure courtesy
of John P. Carr.



1.3 CMYV protein functions

1.3.1 CMYV movement protein and coat protein

The CMV coat protein is responsible for the formation of virus particles (virions). CMV
particles are 28-30 nm in diameter and are composed of 180 coat protein subunits arranged in
icosahedral clusters with 7= 3 symmetry (Palukaitis and Garcia-Arenal, 2003). RNA-protein
interactions help stabilise the CMV virions, which have an RNA content of approximately
18%. The coat protein is required for transmission of CMV by its aphid vectors and is thought
to be the sole factor responsible for the binding of virus particles to the insect’s mouthparts
(Perry et al., 1994, 1998; Liu et al., 2002) see Section 1.4. The CMV coat protein is also
required for movement of the virus within the plant both systemically in the phloem and from
cell to cell via the plasmodesmata (Chen and Francki, 1990; Boccard and Baulcombe, 1993;

Canto et al., 1997).

For plant viruses to move around the plant they make use of the plasmodesmatal connections
between cells. The CMV movement protein binds single-stranded RNA (ssRNA) to form a
ribonucleoprotein complex which interacts with plasmodesmal proteins and disrupts their
gating properties to allow the passage of the viral ribonucleoprotein complex through into
neighbouring cells (Vaquero et al., 1994, 1996). The movement protein is also involved in
systemic movement of CMV (passing through the phloem) (Boccard and Baulcombe, 1993;

Lucas, 1995; Canto et al., 1997).

1.3.2 CMYV la and 2a proteins

As is common for RNA viruses, CMV replication occurs in close association with intracellular
membranes in viral replication factories which is thought to aid the evasion of plant RNA
silencing machinery (see Section 1.5.1) (Jaspars et al., 1986; den Boon and Ahlquist, 2010;

5



Nagy etal., 2016). In both CMV and the related brome mosaic virus (BMV), formation of viral
factories occurs following accumulation of the la protein to membranes and subsequent
recruitment of the 2a protein and viral RNA. In BMV viral factories localise to the endoplasmic

reticulum (ER) while in CMYV replication factories localise to the tonoplast (Seo et al., 2019).

The 1a proteins of CMV and BMV, self-interact and this property is thought to be essential for
replication (O’Reilly et al., 1997; Watt et al., 2020). The CMV 1a protein associates with the
host cell tonoplast (vacuolar) membrane and recruits the CMV 2a RNA-directed RNA
polymerase protein to initiate formation of viral replicase complexes (Hayes and Buck, 1990;
Cillo et al., 2002; Seo et al., 2019). This interaction is thought to occur between residues in the
C-terminal region (584-933) of the CMV 1a protein (O’Reilly et al., 1998) and residues in the
N-terminal region (1-126) of the CMV 2a protein (Kim et al., 2002). It is thought that
phosphorylation of the N-terminal domain of the CMV 2a protein plays a role in inhibiting its
interaction with the CMV 1a protein, which may free up CMV 2a protein to perform other
functions within the cytoplasm such as activating host defence responses (Kim and Palukaitis,

1997; Canto and Palukaitis, 1999; Kim et al., 2002).

The CMV la protein performs other functions that include: influencing viral systemic
movement; symptom severity; triggering of antiviral resistance mechanisms in some hosts
(Gal-On et al., 1994; Canto and Palukaitis, 2001; Mochizuki and Ohki, 2011; Kang et al., 2012;
Palukaitis., 2019), and influencing the interactions of infected plants with insects (Tungadi et
al., 2020). The CMV 1a protein also regulates the activity of the CMV 2b protein (see Section
1.4.2). There have been few recent studies into the localisation of the CMV 1a protein, but it
is thought that the CMV 1a protein interacts with a proportion of the CMV 2a protein in the
cytoplasm and recruits it to the tonoplast membrane (Gal-On et al., 1994; Cillo et al., 2002).

Additionally, the CMV 1a protein has been shown to interact with plant proteins localised to



the cytoplasm or tonoplast, such as the thaumatin-like protein 1 (Kim et al., 2006a, 2008) and
the tobacco CMV 1a interacting protein 1 (Huh et al., 2011) or the tonoplast intrinsic proteins

TIP1 and TIP2 (Kim et al., 2006b).

1.3.3 CMYV 2b protein

The CMYV 2b protein is multifunctional but its best-known role is as a viral suppressor of RNA
silencing (VSR) that inhibits induction of antiviral RNA silencing (Li and Ding, 2006;
Jacquemond, 2012). The CMV 2b protein is a small protein ranging from 100 to 112 amino
acids in length, depending on CMV subgroup, with high sequence conservation around its
central portion and C-terminus (Figure 1.2). Subcellular localisation differs markedly for 2b
proteins encoded by CMV strains of different subgroups. The 2b proteins of Subgroup Il CMV
strains localise predominantly to the host cell nucleus (Lucy et al., 2000; Du et al., 2014a). By
contrast, while 2b proteins of Subgroup IA strains, such as Fny-CMV, do occur in the nucleus,
they also accumulate in the nucleolus and cytoplasm, and associate with the cytoskeleton (Lucy
et al., 2000; Mayers et al., 2000; Gonzélez et al., 2010; Du et al., 2014a). The CMV 2b protein
interacts with a multitude of host proteins and is implicated in almost every stage of viral
infection including viral movement dynamics (Soards et al., 2002), interference with jasmonic
acid (Lewsey et al., 2010) and salicylic acid (Ji and Ding, 2001; Zhou et al., 2014) mediated
defence pathways, interference with RNA silencing (Li and Ding, 2006) and symptom
induction (Lewsey et al., 2009). The 2b proteins of cucumoviruses self-interact, forming dimers
or tetramers in vivo, with tetramers showing the strongest binding of short double stranded
RNAs (dsRNA) and multimerization being required for efficient VSR activity and symptom

induction (Chen et al., 2004; Xu et al., 2013).



10 20 30 40 50 60 70
Fny-CMV2b:  MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARSNLRLFRFLPFYQV---DGSE-LT 66
Ho-CMV 2b:  MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARANLRLFRFLPFYQV---DGSE-LT 66
Y-CMV 2b:  MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARSNLRLFRFLPFYQV---DGSE-LT 66
Sub A Ri-CMV 2b:  MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARSNLRLFRFLPFYQV---DGSE-LT 66
ubgroup Mf-CMV 2b:  MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARSNLRLFRFLPFYQV---DGSE-LT 66
OSA3-CMV 2b:  MELNVGAMTNVELQLARMVEAKKKRRRSHKQNRRERGHKSPGERARSNLRLFRFLPFYQV---DGSE-LT 66
AZ14-CMV 2b:  MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARSNLRLFRFLPFYQV---DGSE-LT 66
SD-CMV2b: MELNEGAMTNVELQLARIVEAKRQRRRSHKQNRRERGHKSPSERARSNLRLFRFLPFYQV---DGSE-LI 66
Sub B KS44-CMV 2b:  MELNEGAMTNVELQLARMMEVRRQRRKSHKKNRRERGHKSPSERARSNLRLFRFLPFYQI---DGSE-LI 66
ubgroup PI-CMV 2b:  MELNEGAVTNVELQLARMVEVKRQRRRSHMKNRRERGHKSPSERARSNLRLFRFLPFYQV---DGPE-LI 66
30RS-CMV 2b:  MELNVGAMTNVELQLARMMEVRRQRRKSHKKNRRERGHKSPSERARSNLRLFRFLPFYQI---DGSE-LI 66
TN-CMV 2b:  MDVLTVVVSTADLHLAHLQEVKRRRRRSHVRNRRARGYKSPSERARSIARFFQMLPFHGV---DPVDWFP 67
Subgroup Il LS-CMV2b: MDVLTVVVSTADLHLAHLQEVKRRRRRSHVRNRRARGYKSPSERARSIARLFQMLPFHGV---DPVDWFP 67
Q-CMV2b: MDVLTVVVSTADLHLANLQEVKRRRRRSHVRNRRARGYKSPSERARSIARLFQMLPFHGV---DPVDWFP 67
TAV2b: MASIEIPLHEIIRKLERMNQKKQAQRKRHKLNRKERGHKSPSEQRRSELWHARQVELSAINSDNSSDEGT 70
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Fny-CMV 2b:  GSCRHVNVAELPESEASRLELSA-EDHDFDDTDWFAGNEWAEGAF-- 110
Ho-CMV 2b:  GSCRHANVAELPEPEASRLELSA-EDHDFDDTDWFAGNEWVEGAF-- 110
Y-CMV2b:  GSCRHANVAESPEPEASRLELSA-EDHDFDDTDWFAGNEWAEGAF-- 110
Ri-CMV 2b:  GSCRHVNVAELPESEASRLELSA-EDHDFDDTDWFAGNEWAEGAF-- 110
Subgroup 1A Mf-CMV 2b:  GSSRHVNVAELPEPEASRLELSA-EDHEFDDTDWFAGNEWAEGVFEF 112
OSA3-CMV 2b:  GSCRHVNVAELPESEASRLELSA-EDHDFDDTDWFAGNEWAEGAF-- 110
AZ14-CMV2b: GSXXHVNVAELPESEASRLELSA-EDHDFDDTDWFAGNEWAEGAF-- 110
SD-CMV2b: EMYHHVNMVGLSESEAPCFTLPAEEDHDFDDTDWFAGNEWAEGRF-- 111
KS44-CMV 2b:  EMYHHASVVELSESEAPRFTLPAEEDHDFDDTDWFAGNEWAEGAF-- 111

Subgroup 1B PI-CMV2b: EL-HHVNMVELSESEAPRLSLLVEEDHDFDDTDWFAGNEWAEGSF-- 110
30RS-CMV 2b:  EMYHHASVVELSESEAPRFTLPAEEDHDFDDTDWFAGNEWAEGAF-- 111

TN-CMV2b: DVVRSPSVTSLVSYES------------ FDDTDWFAGNEWAEGSF-- 100

Subgroup Il LS-CMV2b: DVVRSPSVTSLVSYES------------ FDDTDWFAGNEWAEGSF-- 100
Q-CMV2b: DVVRSPSVTSLVSYES------------ FDDTDWFAGNEWAEGSF-- 100

TAV2b: TLCRFDTFGSKSDAIC------------- DRSDWCLDQ-----~---~ 95

Figure 1.2. The amino acid sequences of 2b proteins encoded by a selection of strains of
Cucumber mosaic virus (CMV) from Subgroups IA, IB and II and the 2b protein from
Tomato aspermy virus (TAV). The Fny-CMV 2b protein sequence is given as a reference to
compare with 2b protein sequences from a small number of other CMV strains to highlight
certain differences and similarities between 2b proteins of viruses in Subgroups IA, IB and II.
Differences in 2b protein primary sequences between the Fny-CMV and other strains are
highlighted in grey. The numbering of amino acid residues is based on the Fny-CMV 2b protein
sequence. The GenBank accession numbers for the sequences used in this alignment are
NC002035 for Fny-CMV (2b-Fny), D12538 for Y-CMV (2b-Y), LC593245 for Ho- CMV (2b-
Ho), AM183118 for RI-8-CMV (2b-RI-8), AJ276480 for Mf-CMV (2b-Mf), HE971489 for
OSA3-CMV (2b-OSA3), QBH72281 for AZ14-CMV (2b-AZ14), D86330 for SD-CMV,
CBG76802 for KS44-CMV (2b-KS44), CAJ65577 for PI-1-CMV (2b-PI-1), FN552601 for
30RS-CMYV (2b-30RS), BAD15371 for TN-CMV (2b-TN), AF416900 for LS-CMV (2b- LS),
Q66125 for Q-CMV (2b-Q) and AJ320274 for KC-TAV (TAV 2b).



Several functional domains have been identified in the Fny-CMV 2b protein including those
responsible for nuclear localisation, protein phosphorylation, RNA binding and RNA silencing
suppression and effects on defence mediated by salicylic acid (Gonzalez et al., 2010, 2012;
Zhou et al., 2014) summarised in Figure 1.3. The C-terminal domain of the Fny-CMV 2b
protein (as defined in Lewsey et al., 2009 and in other publications) encompasses 16 amino
acid residues. The 16 amino acid C-terminal domain of the Fny-CMV 2b protein has been
shown to negatively regulate symptom severity in three different host species (Ding et al.,

1995; Lewsey et al., 2009).

No crystal structure has been reported for the CMV 2b protein, but computational predictions
suggested that it is likely to possess a predominantly a-helical structure (Gellért et al., 2012).
The crystal structure of residues 1-69 of the orthologous TAV 2b protein has been visualised
(Chen et al., 2008). However, it was not possible to solve the structure of the TAV 2b at its C-
terminus (residues 70-95). At present, the best insight into the three-dimensional structure of
cucumoviral 2b proteins comes from modelling generated with I-TASSER (Zhang, 2008)
using the X-ray structure of TAV 2b as the main template (Gellért et al., 2012). These
projections anticipate that negatively charged residues in the C-terminal domain of the CMV
2b protein may help stabilise its three-dimensional structure through coordination of divalent
metal cations (such as Mg?" or Ca?") (Gellért et al., 2012). The C-terminal domain of CMV 2b
(residues 95-110) also contains two conserved tryptophan residues at positions 99 and 105. In
the tombusviral P19 VSR of carnation Italian ringspot virus (CIRV) two conserved tryptophan
residues at positions 39 and 42 interact with siRNA (Vargason et al., 2003). The 2b and P19
VSRs are quite unrelated, but this suggests that tryptophan pairs may have similar RNA

stabilizing functions in diverse dsSRNA-binding VSRs.
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Figure 1.3. Prior mutational analyses of the cucumber mosaic virus (CMV) 2b protein.
Previously determined or inferred functional residues or domains of the 2b protein are indicated
on a map of the 110 amino acid Fny-CMV 2b ortholog. Sequences longer than one amino acid
are depicted as grey boxes: the N- and C-terminal domains; the RNA-binding domain; the
KSPSE phosphorylation sequence; the GSEL and RHV sequences, and nuclear export
sequence (NES). However, the N-terminal MEL sequence and nuclear localisation sequence
(NLS) 1 and 2 are shaded in darker grey to indicate that they overlap with the N-terminal and
RNA-binding domains, respectively. Single amino acid residues with known biological effects
are indicated by arrowheads: S28, which is an additional phosphorylation site (Kim et al.,
2022); L55, which is required for 2b self-interaction (Xu et al., 2013), and E104 which causes
cytotoxicity in E. coli due to DNA binding (Sueda et al., 2010), suggestive of a biological
function. Biological roles of sequences or residues are indicated on the left. The region
spanning residues 38 to 94 of the 2b protein, inferred to contain amino acid residue(s) required
for interaction with Argonaute 1 (AGO1) is indicated by a dashed line and was proposed by
Duan et al. (2012). The map is updated from a previous iteration (Carr and Murphy, 2019) to
include more recent information (Kim et al., 2022).
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1.4 CMYV transmission

Most plant viruses are transmitted by insects, with stylet-possessing hemipteran insects, in
particular aphids, leafthoppers and whiteflies, constituting the largest proportion of vectors
(Brault et al., 2010). CMV is transmitted by over 80 aphid species in a stylet-borne
nonpersistent manner (Hull, 2014b; Krenz et al., 2015; Fereres and Perry, 2019). This means
that CMV nparticles attach loosely to receptors in the aphid stylet and are acquired and lost
rapidly during short probing feeds of a host plant’s epidermal cells (Krenz et al., 2015; Webster
et al., 2018). Therefore, CMV transmission, at least to immediately neighbouring hosts, is
thought to be most efficient when aphids alight briefly on infected plants to sample the contents
of the epidermal cells but do not remain for a prolonged feed from the phloem (Mauck et al.,
2016; Groen et al., 2017; Donnelly et al., 2019). However, epidemiological modelling suggests
that while brief sampling feeds of infected plants encourages rapid localised virus transmission
by wingless aphids, prolonged feeding, resulting in settlement and reproduction of aphids, on
plants will eventually favour longer distance virus dissemination by winged aphids (Donnelly
et al., 2019). There is growing evidence that the interactions between CMV proteins and
between CMV and host proteins may underpin the changes in plant defence and metabolism
that alter plant-aphid relations to favour viral transmission (Ziebell et al., 2011; Westwood et
al., 2013; Mauck et al., 2016; Groen et al., 2017; Carr et al., 2018; Donnelly et al., 2019). CMV
can also be transmitted via seed or even pollen in some instances, but this is less common
(Neegaard, 1997), and it can be transmitted mechanically, which is the main means of

experimental inoculation.

1.4.1 Regulation of host-insect interactions by CMV

Viral infection interferes with the host’s biochemical pathways, and it is becoming increasingly
clear that this is not simply an indirect consequence of infection but a means by which viruses
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can influence the feeding behaviour of their vectors. Viruses are able to alter the chemical blend
of volatile organic compounds (VOCs) to increase attractiveness of infected plants towards
insect vectors (Cunniffe et al., 2021) as seen in squash (Cucurbita pepo) infected with Fny-
CMYV where altered VOCs influence aphid foraging behaviour (Mauck et al., 2010; Carmo-
Sousa et al., 2014; Tungadi et al., 2017; Arinaitwe et al., 2022). Viral infection also alters plant
defences against aphids, which include mechanisms of antibiosis and antixenosis. Antibiosis
is the production of toxic compounds that poison aphids, while antixenosis is the production

of less toxic but distasteful compounds that inhibit the feeding and settling of aphids.

In A. thaliana, CMV was shown to induce production of distasteful compounds, including
glucosinolates and potentially other metabolites; an effect that might enhance viral
transmission by encouraging viruliferous aphids to leave infected plants and seek out
uninfected hosts (Westwood et al., 2013: Tungadi et al.,, 2020). The CMV gene product
primarily responsible for inducing production of distasteful substances in 4. thaliana is the 2a
protein, which triggers two distinct jasmonate-dependent signalling pathways, one of which is
responsible for triggering glucosinolate production and another that induces production of
other currently unknown compound(s) (Tungadi et al., 2020). The glucosinolate that Westwood
et al. (2013) concluded was responsible for CMV-induced feeding deterrence is 4-methoxy-
indol-3-yl-methylglucosinolate (4MI3M) (Kim et al., 2007). It was proposed that increased
4MI3M accumulation in CMV-infected plants, especially in the vasculature, discourages
prolonged phloem feeding by aphids and encourages short feeds from the epidermal cells
which increases the likelihood of aphids acquiring CMV particles (Westwood et al., 2013;
Krenz et al., 2015). CMV induced similar effects on aphid feeding behaviour in cucurbits
(Mauck et al., 2010; Carmo-Souza et al., 2014) and bean (Wamonje et al., 2020). However, it
has not been established what antixenotic compound or compounds are synthesized in response
to virus infection in these plants. Epidemiological modelling suggested that induction of
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antixenosis by nonpersistently transmitted viruses will inhibit settling of aphids on infected
plants and will encourage dispersal of viruliferous aphids to neighbouring plants (Donnelly et

al., 2019).

1.4.2 Regulation of host-insect interactions by the 2b protein

Competing with the induction of the 2a-protein induced, relatively mild, resistance to aphids
(antixenosis) is the induction by the multifunctional 2b protein of a stronger resistance to
aphids, which involves production of compound(s) that are toxic rather than simply distasteful
to aphids (antibiosis) (Westwood et al., 2013). This is due to inhibition by the 2b protein of the
activity of Argonaute 1 (AGO1), a key factor in RNA silencing mediated by short-interfering
RNAs (siRNAs) and microRNAs (miRNAs). Inhibition of AGO1 triggers two processes that
are deleterious to CMV: it de-represses synthesis of compounds toxic to CMV’s aphid vectors
(Westwood et al., 2013), and allows increased synthesis of AGO2, which improves silencing-
mediated resistance to the virus (Harvey et al., 2011). Induction of antibiosis against the virus’
insect vectors, as well as induction of stronger antiviral RNA silencing is circumvented by the
CMV 1a protein, as demonstrated using /a/2b-double transgenic plants (Westwood et al.,
2013; Watt et al., 2020). The ability of the 1a protein to neutralise 2b-induced toxicity means
the predominant form of aphid resistance induced during CMV infection in 4. thaliana is 2a-

induced antixenosis (Westwood et al., 2013).

The CMV 2b protein has complex host- and strain-specific effects on aphid-plant interactions.
For example, when expressed constitutively in transgenic 4. thaliana plants, the Fny-CMV 2b
protein induces antibiosis against aphids, whereas the LS-CMV 2b protein does not (Westwood
et al., 2013). However, in tobacco plants both the Fny-CMV 2b protein and the LS-CMV 2b
protein can prevent induction of antibiosis against aphids by the Fny-CMV 1a protein (Tungadi
et al., 2020).
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1.5 Plant defences against viruses

Plants represent an attractive source of carbon and nutrients which microbes and viruses in
their surrounding environment would readily exploit. To prevent this, plants have evolved a
complex multi-layered defence system (Zipfel, 2008; Dodds and Rathjen, 2010). Unlike
animals, which possess specialised immune cells, every plant cell must be capable of
perceiving and defending against pathogens. Physical barriers such as the cell wall represent
the initial defences against virus entry which requires most viruses to be introduced into plants

by vectors or through wounds (Stavolone and Lionetti, 2017).

Plants perceive potential pathogens through recognition of conserved motifs known as
pathogen associated molecular patterns (PAMPs) or endogenous signals released by the plant
following wounding or pathogen attack known as damage-associated molecular patters
(DAMPS) (Macho and Zipfel, 2014). These PAMPs or DAMPS interact with extracellular
domains of membrane bound pattern recognition receptors (PRR) often represented by
receptor-like proteins and receptor-like kinases and the resultant signalling initiates PAMP
triggered immunity (PTI) (Hogenhout et al., 2009; Bigeard et al., 2015). There is growing
evidence for the involvement of PTI in defence against plant viruses with evidence for its
efficacy in inhibiting replication of some viruses including Tobacco mosaic virus (TMV) and
Turnip crinkle virus (Kerner et al., 2013; Calil and Fontes, 2017; Gouveia et al., 2017), and
evidence for the induction of PTI related signalling following viral infection (Allan et al., 2001;
Mandadi and Scholthof, 2013). It has been proposed that the CMV movement protein plays a
role in subverting plant immunity with transgenic A. thaliana plants expressing the CMV
movement protein displaying defects in their PAMP-triggered immunity (PTI) response (Kong
et al., 2018). However, it remains unclear how viruses are perceived by the extracellular

receptors typically involved in plant PTI since known plant PRRs are exposed on the plasma
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membrane and the receptor domains are not intracellular. Theories to explain this include
perception of extracellular molecules associated with infection or binding of viral proteins to
intracellular domains of PTI receptors (Kerner et al., 2013). Plant pathogens encode effectors
(typically proteins) that interfere with defence signalling and overcome PTI. These effectors
(or their effects within the cell) are in turn recognised by plant defence proteins such as
nucleotide-binding site leucine-rich repeat proteins which results in effector triggered
immunity (ETI) and once again set up defensive signalling. ETI is the basis of many examples
of resistance conferred by dominant resistance (R) genes. ETI can leads to the spread of
defensive signals such as salicylic acid throughout the plant resulting in an increased defensive
state known as systemic acquired resistance and in some cases ETI is associated with
programmed cell death localised at or around the initial site of inoculation (Murphy et al.,

2020).

1.5.1 RNA silencing

RNA silencing (also known as RNA interference and post-transcriptional gene silencing) forms
a layer of plant immunity that is distinct from PTI or ETI, and which provides an adaptive form
of resistance to many viruses (Baulcombe, 2004; Agius et al., 2012). RNA silencing occurs in
almost all eukaryotes, although it does not always appear to provide such a high level of
protection against viruses as it does in plants (Baulcombe, 2004; Shabalina and Koonin, 2008;
Drinnenberg et al., 2011). For example, its importance for defence against viruses in mammals

is still subject to debate (Maillard et al., 2019).

The trigger for induction of RNA silencing is dsRNA, which occurs as a viral replication
intermediate for RNA viruses and as the result of formation of secondary structures in virus-
derived RNA molecules (Li, M. et al., 2016). This dsRNA is cleaved into small interfering
RNAs (siRNA), 21-25 nucleotides in length, by the action of Dicer-like (DCL) endonucleases

15



(Blevins et al., 2006; Sabin et al., 2013; Fukudome and Fukuhara, 2017). These siRNA
molecules direct sequence-specific degradation of viral RNA by AGO proteins forming part of
the multiprotein RNA-induced silencing complex (RISC) (Hamilton and Baulcombe, 1999;
Filipowicz, 2005; Mlotshwa et al., 2008; Schuck et al., 2013). RISCs typically mediate their
silencing effects through cleavage of target RNA but they can also repress transcript translation

and direct DNA methylation (Zilberman et al., 2003; Garcia-Ruiz et al., 2010).

RNA silencing is also involved in the regulation of growth and development within plants. In
this case the process is not directed by viral siRNA but by miRNA formed from dsRNA
precursors transcribed from plant genes. These sequences form when the endogenous precursor
transcripts fold back on themselves producing hairpin structures and are processed into ds
miRNAs by DCL proteins (Park et al., 2005). Single-stranded miRNAs are assembled into
RISCs, predominantly containing AGO1 and used to direct cleavage of endogenous transcripts

(Vaucheret et al., 2004).

In mammals, AGO proteins localise in cytoplasmic processing bodies (P-bodies) where they
mediate the translational repression by miRNAs of their target mRNAs (Liu et al., 2005).
However, in plants AGO proteins carry out their functions within the cytoplasm and nucleus
(Derrien et al., 2012). There are 10 known AGO proteins in A. thaliana (Carmell et al., 2002;
Morel et al., 2002) which are classified into three clades: clade I contains AGO1, AGOS5 and
AGOI10, clade II contains AGO2, AGO3 and AGO7 and clade III contains AGO4 AGO6,
AGO8 and AGO9 (Vaucheret, 2008). AGO proteins typically associated with post-
transcriptional gene silencing (such as AGO1, AGO2 and AGOS5) occur in both the cytoplasm
and nucleus (Zhang et al., 2006; Gonzalez et al., 2010) while AGOs associated with
transcriptional gene silencing via DNA methylation (such AGO4 and AGO9) localise

exclusively in the nucleus (Oliver and Martinez 2022).
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1.5.2 Viral suppressors of RNA silencing

Such is the efficacy of RNA silencing in anti-viral defence that almost all pathogenic plant
viruses encode at least one VSR. CMV encodes the 2b protein which is a potent VSR and one
of the first VSRs to be identified (Beclin et al., 1998). The 2b proteins of CMV and of other
cucumoviruses suppress antiviral RNA silencing primarily by binding double stranded siRNAs

(Goto et al., 2007; Chen et al., 2008; Rashid et al., 2008; Gonzalez et al., 2012; Xu et al., 2013).

The 2b proteins of certain strains of CMV have also been reported to inhibit AGO1 activity
(Zhang et al., 2006; Goto et al., 2007; Gonzalez et al., 2012; Hamera et al., 2012). This
interaction occurs through the PAZ RNA-binding module and PIWI catalytic domains (Hamera
etal., 2012). Interference with AGOs is an effective strategy employed by several plant viruses
to disrupt antiviral RNA silencing (Csorba et al., 2009). However, the ability to form
complexes with AGO proteins appears to be dispensable for the VSR activity of CMV 2b.
Instead, the binding of CMV 2b to AGO1 is thought to be the major mechanism by which the
CMYV 2b protein interferes with silencing mediated by microRNAs (miRNAs) and thus 2b-
mediated inhibition causes increased accumulation of miRNA-regulated host mRNAs (Figure
1.4) (Lewsey et al., 2007; Harvey et al., 2011; Du et al., 2014). The CMV 2b protein interferes
with miRNA-directed cleavage of host transcripts by AGOl and with AGO1-mediated
inhibition of translation of certain mRNAs (reviewed in Carr and Murphy, 2019). The 2b-
mediated inhibition of miRNA-directed AGO1 activity also derepresses antiviral silencing
mediated by AGO2 (Harvey et al.,, 2011), and induces resistance against aphid vectors

(Westwood et al., 2013).
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Figure 1.4. RNA silencing in plants. A simplified diagram depicting the process of RNA-
mediated gene silencing in plants and its suppression by the cucumber mosaic virus (CMV)
2b protein. In CMV-infected plants, double stranded RNA (dsRNA) is formed as a result of
viral replication or the activity of plant encoded RNA-dependent RNA polymerases. This viral
dsRNA is cleaved by the action of DICER-LIKE endonucleases (DCLs) to form small
interfering RNA duplexes (siRNA). The formation of micro RNAs (miRNA), in healthy or
infected plants, occurs in a similar manner. Host miRNA genes are transcribed and form
imperfectly folded primary mRNAs (pri-miRNAs). These pri-miRNAs are cleaved by DCL1
endonucleases to form precursor mRNAs (pre-RNAs) which are then cleaved again by DCLI
to yield miRNA. One strand of the siRNA or miRNA duplex acts as a guide strand and is
loaded into AGO1 to form a functional RISC and the other strand is degraded. Once loaded
into RISC, these siRNAs or miRNAs direct cleavage of complementary viral RNA or host
mRNA sequences. Alpha fold structure predictions are used to depict the 110 amino acid Fny-
CMYV 2b protein and the 1048 amino acid AtAGOI1 protein.
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1.6 Symptom induction

Symptom induction in virus infections is caused by a complex array of molecular interactions
between viral proteins and the host plant (reviewed in Jiang and Zhou, 2023). Common
symptoms in infected plants include stunted growth, developmental abnormalities, leaf
discolouration, wilting and necrosis (Pallas and Garcia, 2011; Shimura et al., 2011; Hull,
2014a; Hamel et al., 2016; Jiao et al., 2021; Jiang et al., 2023). In CMV-infected plants and in
2b-transgenic plants, the respective symptoms or phenotypes are linked to the ability of the 2b
proteins of different CMV strains to disrupt the regulation of host gene expression by miRNAs
(Zhang et al., 2006; Lewsey et al., 2007; Siddiqui et al., 2008). In 4. thaliana, which is a natural
wild host for CMV (Pagan et al., 2010), Subgroup Il CMV strains generally cause mild or
unnoticeable symptoms, compared to the symptoms induced by strains of Subgroups IA and
IB (Mochizuki and Ohki, 2011). For example, the Subgroup IA strain Fny-CMV causes more
severe symptoms than the Subgroup II strains LS-CMV and Q-CMV in plants of A. thaliana
accession Col-0 (Lewsey et al., 2007). However, symptom severity is not always dictated by
Subgroup, as demonstrated by the recently discovered Subgroup IA strain Ho-CMV which
causes no symptoms in A. thaliana plants (Takahashi et al., 2022) (Section 1.2.1). Ho-CMV
shows high RNA sequence similarity to Fny-CMV and reaches a similar titre in A. thaliana but
was reported not to induce symptoms (Takahashi et al., 2022). These observations mirrored
results seen in transgenic A4. thaliana constitutively expressing the Ho-CMV 2b protein, which

did not display symptom-like phenotypes (Takahashi et al., 2022).

1.7 Aims and objectives

The aim of the work was to explore the interactions of the CMV 2b proteins of Fny-CMV, LS-
CMYV and Ho-CMV with the CMV la and AGOI1 proteins. Additional aims were to use this

information to understand how non-persistently transmitted plant viruses — CMV in particular
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— manipulate their own transmission by aphids and increase our understanding of how viruses
modulate host defences. It was hoped that in the longer term, outputs from this work may have
the potential to inform development of improved aphid and virus control strategies to provide
alternatives to the pesticides currently used to control aphids and aphid transmitted viruses

(Veres et al., 2020). The specific objectives of this PhD project are addressed below.

Obijective 1: Determine the nature of the CMV 1a-2b interaction and its biological implications.

There have been multiple observations of the interactive effects of la and 2b proteins in
different hosts (Section 1.4.2). The best documented of these is the ability of the 1a protein to
suppress 2b-mediated inhibition of AGO1 activity in 4. thaliana plants (Westwood et al.,
2013). I set out alongside a former PhD student in our lab Dr. Lewis Watt to extend his work
(Watt, 2020) to determine whether the CMV 1a and 2b proteins directly interact using transient
expression of viral fusion proteins in Nicotiana benthamiana (N. benthamiana). 1 also aimed
to generate a series of tagged infectious clones of 1a and 2b proteins from the Fny strain of
CMYV to demonstrate the occurrence of the 1a-2b interaction in a natural biological context and
confirm its relevance in CMV infection. I hoped this investigation would also help us to
understand the dynamics of when the 1a-2b protein-protein interaction occurs during infection
and could be adapted to show if it is correlated to changes in expression of marker genes

associated with antibiosis or antixenosis.

Objective 2: Determine if the 1a-2b and AGO1-2b interactions are conserved between LS-

CMV. Ho-CMV and Fny-CMYV strains.

Tungadi et al. (2020) demonstrated that reassortant viruses that included Fny-CMV RNA 1 but
not LS-CMV RNA 1, triggered aphid resistance in tobacco, which was interpreted as meaning
that the Fny-CMV 1a protein was the key factor. However, the 2b proteins of both strains

suppressed aphid resistance, suggesting that the ability of 2b proteins to inhibit aphid resistance
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is conserved among divergent CMV strains (Tungadi et al., 2020). I hypothesised that the
suppressive effects of CMV 2b are mediated, at least in part, through its direct interaction with
the CMV la protein. I aimed to confirm the presence or absence of an interaction between LS-
CMYV 2b proteins and Fny- or LS-CMV 1a proteins. Once the conservation of the la-2b
interaction between Fny and LS strains of the virus was known, I used this information to

inform which regions of the 2b ORF were mutated in search of a 1a interaction domain.

I also set out to confirm whether the 2b-AGO1 interaction was conserved between the three
strains of CMV. The effect on the 2b-AGO1 interaction on the activity of miRNA-mediated
regulation within the plant was assessed. The 2b protein has been seen to induce a number of
strong phenotypes in the aerial tissues and roots of A. thaliana plants (Lewsey et al., 2007).
This is thought to be due to the interaction of 2b with AGO1 disrupting miRNA pathways

involved in plant development.

Obijective 3: Characterising the amino acids in the Fny-CMV 2b protein responsible for its

interactions with AGO1 and CMV la.

I set out to determine which domain(s) and specific amino acid residue(s) of the Fny-CMV 2b
facilitate its interaction with the CMV la and AGO1 proteins. I initially thought to focus on
the C-terminal domain of the 2b protein (Section 1.3.3) as a likely candidate for mediating the
la-2b interaction as it has been identified as a negative regulator of symptom induction and
severity in three different host species (Lewsey et al., 2007). Initially, this increased symptom
severity was thought to be due to an increased inhibition of AGOI1 activity by mutant 2b
proteins lacking their C-terminal domains. However, in light of our recent discovery of the 1a-
2b interaction (Chapter 3: Watt et al., 2020), I believe the observed phenotypic effects may be
a result of a loss in interaction between 1a and 2b. Mutations of varying size were generated in

regions extending from the C-terminus into the 2b sequence (Figure 5.1).
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Chapter 2. Materials and methods

2.1 Sterilisation of equipment, chemicals, and reagents

Solutions and media were prepared using deionised water and sterilised by autoclaving (121
°C, 15 pounds per square inch pressure, 15 mins). Antibiotics and buffers were filter sterilised
where appropriate. Chemicals and most common reagents were obtained from Thermo Fisher
Scientific (Paisley, UK), Merck (Gillingham, Dorset, UK) or Duchefa (Melford Labratories,
Chelsworth, Ipswich, UK). Sterilisation of equipment such as pipette tips was achieved by
autoclaving (121 °C, 15 pounds per square inch pressure, 15 mins). Other equipment such as
micro-pestles, ceramics and glassware were soaked in 10 % (w/v) sodium hypochlorite for one

hour, rinsed with distilled water and baked at 180 °C for two hours.
2.2 Molecular cloning and nucleic acid manipulation
2.2.1 Polymerase chain reaction (PCR) amplification of DNA sequences

For colony PCR reactions, DNA sequences were amplified using the Taq Polymerase BioMix
Red master mix (Bioline Scientific Laboratory Supplies Limited, Hessel, UK). Bacterial cells
were sampled from a single colony, using a pipette tip, and added to a 20 ul reaction containing
10 ul 2 x BioMix Red master mix, 9 ul distilled water and 0.5 pl of each primer (10 pM).
Samples were heated at 94 °C for 5 min and subjected to 30 cycles of amplification (94 °C 30
s, X °C 30 s, and 72 °C Y min: where X and Y represents the primer specific annealing
temperature and product specific extension time, respectively) followed by a final 5 min
extension reaction at 72 °C and cooling for 5 min at 4 °C. For amplification of sequences to be

used in molecular cloning, the Q5 high fidelity polymerase master mix was used (New England

22



Biolabs, Hitchin, UK). Reaction volumes were 25 pl and contained 12.5 ul Q5 High-Fidelity
2X Master Mix, 1.25 ul of each primer (10 uM), 1 ul template DNA (containing between 1 and
10 ng) and 4 pl nuclease-free water. The thermocycling conditions used were 30 seconds initial
denaturation at 98 °C followed by 30 cycles of amplification (98 °C 20 s, X °C 20 s, and 72 °C
Y min) followed by a final 5 min extension at 72 °C and cooling for 5 min at 4 °C. Annealing
temperatures (X °C) were between 50-72 °C and were adjusted based on the primers used
according to their basic melting temperatures (Untergasser et al., 2012) calculated using the
NEB Tm calculator version 1.16.5 (New England Biolabs). The extension times (Y min) was
adjusted depending on the length of the expected PCR product using an extension speed of
1000 bp per min for Taq polymerase and 2000 bp per minute for Q5 polymerase (as specified

in the manufacturer’s instructions).

2.2.2 Gel electrophoresis

PCR products were visualisation on 1 % (w/v) agarose gels in TAE buffer [0.04 M Tris pH
8.0, 0.001 M EDTA, 0.1142 % (v/v) glacial acetic acid] containing 0.05 pg/ml ethidium
bromide. For Q5 PCR reactions, 5 pl of PCR reaction was mixed with 1 ul of 6 x Gel Loading
Dye (New England Biolabs, Hitchin, UK) and loaded into wells in the agarose gel while for
Biomix red PCR reactions 6 pl of PCR reactions was loaded directly into the gels. PCR
products were loaded alongside 5 pl of 100 bp, 1 kb or 10 kb ladders (Bioline) for comparison
of fragment size at the concentration provided by the manufacturer. Gels were run in a gel rig
(Flowgen / Scientific Laboratory Supplies, Hessle, UK) at 100 V using a Power Pac 3000 (Bio-
Rad Laboratories Ltd, Hemel Hempstead, UK). Gels were imaged under ultraviolet (UV)

illumination using the InGenius3 gel analysis system (SynGene, Cambridge, UK).

For gel purification of PCR products, gels were visualised on a UV transilluminator light box.
Bands of the appropriate size were excised using a razor and added to a 1.5 ml microfuge tube.
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DNA was extracted and purified from gel slices using the Monarch DNA gel extraction kit
which employs a bind/wash/elute workflow (New England Biolabs, Hitchin, UK) following

the protocol provided.

2.2.3 Gateway cloning

Viral sequences used in this work were derived from the Subgroup IA CMYV strains Fast New
York (Fny-CMV) (Roossinck and Palukaitis, 1990) or Hosokura (Ho-CMV) (Takahashi et al.,
2022) or the Subgroup Il CMV strain Lactuca sativa (LS-CMV) (Provvidenti et al., 1980;
Roossinck, 2002), which have accession numbers NC002035, LC593245 and AF416900,

respectively.

Full length and mutant versions of the Fny-CMV 2b sequence were incorporated into pSITE
vector backgrounds (Chakrabarty et al., 2007; Martin et al., 2009) to yield CMV 2b fusions
with red fluorescent protein (RFP), green fluorescent protein (GFP) and N- or C-terminal split
yellow fluorescent protein (YFPn or YFPc) tags fused to the C-termini. Plasmids encoding
fluorescently tagged mutant CMV 2b proteins were generated using Gateway® cloning

following the protocol provided (Thermo Fisher Scientific) (Karimi et al., 2007).

Fny-CMV 2b sequences were amplified with the primers shown in Table 2.1 to yield a#B-
flanked DNA fragments. Amplified CMV 2b fragments were gel purified (Section 2.2.2). Entry
clones were generated via BP reactions where 10 ng of purified fragment was incubated with
100 ng of PDONR221 donor plasmid and 0.5 pl BP Clonase II (Invitrogen) at 25 °C for 1 h
followed by incubation with 0.5 pl proteinase K (2 pg/ul) at 37 °C for 10 min to terminate the
reaction. These reactions were used to transform competent Escherichia coli (E. coli) strain

DHS5a (Jesse, 1986) cells by CaCl, treatment and heat shock (Mandel and Higa, 1970;

Hanahan, 1983), which were then grown on appropriate antibiotic selection plates. Verified

24



entry clones were used to transfer the CMV 2b sequences into pSITE (Chakrabarty et al., 2007)
destination plasmids by incubation of 100 ng donor plasmid and 100 ng entry plasmid with 0.5
pl LR clonase II (Invitrogen) for 1 hour at 25 °C followed by incubation with 0.5 pl Proteinase
K (2 pg/ul) at 37 °C for 10 min to terminate the reaction. At each stage of cloning, positive
colonies were confirmed by PCR amplification and sequencing of the purified plasmid via
automated Sanger sequencing (Sanger et al., 1977; Smith et al., 1986) performed by Source

BioScience, UK Ltd (Cambridge, UK).

CMYV 2b sequences were transformed into pSITE-2NB or pSITE-4NA (Chakrabarty et al.,
2007) to yield plasmids expressing 2b-GFP or 2b-RFP fusions or pSITE-cEYFP-N1 or pSITE-
nEYFP-N1 (Martin et al., 2009) to generate plasmids expressing 2b-YFPc or 2b-YFPn fusions.
The pSITE destination vectors and corresponding GenBank references used in this study were
pSITE-2NB (EF212296), pSITE-4NA (EF212295), pSITE-cEYFP-C1 (GU734652) and

pSITE-cEYFP-N1 (GU734649).

2.2.4 Q5 mutagenesis

In-frame deletions and amino acid substitutions in the CMV 2b protein coding sequence were
generated using Q5 mutagenesis (Q5 Site-Directed Mutagenesis Kit [New England Biolabs])
using the primers listed in Table 2.1. This method utilises mutagenic primers and the Q5 High
Fidelity DNA Polymerase to amplify plasmids which are subsequently re-circularised using a
Kinase-Ligase-Dpnl enzyme mix (Kalnins et al., 1983). Reactions were carried out according

to the manufacturer’s instructions (New England Biolabs, Hitchin, UK).

For bimolecular fluorescence complementation (BiFC) analysis, a combination of pSITE and
pROK plasmids were used. However, the YFPn and YFPc tags within the pSITE and pROK

plasmids were not compatible since the pSITE YFP sequence had been split between residue
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174 (Asp) and 175 (Gly) to create N- and C-terminal halves while the pROK plasmids
contained a YFP sequence split between residue 155 (Ala) and 156 (Asp) to produce N- and
C-terminal halves. To allow BiFC imaging of pSITE and pROK based sYFP tags the pSITE
YFPc sequences were extended and pSITE YFPn sequences shortened accordingly using the

QS5 Site-Directed Mutagenesis Kit (New England Biolabs) and the primers listed in Table 2.1.

A cDNA clone encoding the 2b protein of Ho-CMV was recapitulated by site-directed
mutagenesis of the coding sequence of the Fny-CMV 2b protein using the Q5 Site-Directed
Mutagenesis Kit (New England Biolabs). The resultant DNA product encoding the
recapitulated Ho-CMV 2b protein contained the amino acid substitutions S47A, V72A, S80P
and A106V (Section 4.1). The DNA sequences of all new constructs were authenticated by

automated Sanger sequencing (Section 2.2.3).

2.2.5 Gibson assembly

Tagged infectious clones of Fny-CMV RNA1 and RNA2 were generated using ‘Gibson’
assembly (Thermo Fisher Scientific, Paisley, UK) (Gibson et al., 2009). Plasmids containing
full length cDNA clones for CMV RNA1 and RNA2 (pFny109 and pFny209 respectively)
(Rizzo and Palukaitis,1990) were amplified using the primers shown in Table 2.1 to generate
linearised plasmids containing 5’ and 3’ tags homologous to the terminal sequence of
constructs encoding GFP, RFP or YFP proteins. Fluorescent protein sequences were amplified
from the appropriate pSITE destination vector using primers shown in Table 2.1 to generate
fragments containing 5’ and 3’ tags homologous to the respective 5’ and 3’ terminal sequences
of pFny109 or pFny209 linearised plasmids. The amplified pFny109 and pFny209 plasmids
containing homologous tags were gel purified (Section 2.2.2) and mixed with GFP, RFP or
sYFP sequences with overlapping homologous regions and the Gibson assembly cloning

protocol was followed. These reactions were used to transform competent E. coli cells by heat
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shock which were then grown on appropriate antibiotics selection plates. At each stage of
cloning, positive colonies were confirmed by PCR and sequencing of the purified plasmid via

automated Sanger sequencing (Section 2.2.3).

Plasmids harbouring full cDNA sequences for RNA1, RNA2 and RNA3 flanked by a T7
promoter and were gifted to the lab by Prof P. Palukaitis and are based on a pUC18 plasmid

backbone (Rizzo and Palukaitis, 1990).

27



Table 2.1. Primer sequences

Primers for G

ateway Cloning

Primer set 5’-3” Sequence Forward/Reverse

name

2b full GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAATTGAACGTAGGT/
GGGGACCACTTTGTACAAGAAAGCTGGGTTGAAAGCACCTTCCGCCCA

2bA1-17 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGTGGA GGCGAAGAAGC/
GGGGACCACTTTGTACAAGAAAGCTGGGTTGAAAGCACCTTCCGCCCA

2bA95-110 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAATTGAACGTAGGT/
GGGGACCACTTTGTACAAGAAAGCTGGGTTAAAATCATG GTCTTCCGCCGA

2bA85-110 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAATTGAACGTAGGT/
GGGGACCACTTTGTACAAGAAAGCTGGGTTACGAGAGGCCTCAGACTCG

2bA74-110 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAATTGAACGTAGGT/
GGGGACCACTTTGTACAAGAAAGCTGGGTTCACATGGCGGCATGAC

2bA56-110 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAATTGAACGTAGGT/
GGGGACCACTTTGTACAAGAAAGCTGGGTTTAGGAAGCGGAATAGTCTGAGATTTGAAC

2bA83-110 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAATTGAACGTAGGT/
GGGGACCACTTTGTACAAGAAAGCTGGGTTTCAGGCCTCAGACTCGGG

2bA1-55 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCCGTTCTATCAAGTGGATGGTTCG/
GGGGACCACTTTGTACAAGAAAGCTGGGTTGAAAGCACCTTCCGCCCA

2bA61-110 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAATTGAACGTAGGT/
GGGGACCACTTTGTACAAGAAAGCTGGGTTCACTTGATAGAACGGTAGGAAGCG

2bA65-110 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAATTGAACGTAGGT/
GGGGACCACTTTGTACAAGAAAGCTGGGTTTTCCGAACCATCCACTTGATAGAACG

2bA69-110 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAATTGAACGTAGGT/

GGGGACCACTTTGTACAAGAAAGCTGGGTTTGACCCTGTCAGTTCCGAACC

Primers for Q

5 mutagenesis of the Fny-CMYV 2b gene test for 2b-AGO and 2b-1a interactions

Primer set
name

5’-3” Sequence Forward/Reverse

2bLS/Fny83- | TTTGACGATACAGATTGGTTCG/ GGCCTCAGACTCGGGTAA

93

2bA39-48 CTCAGACTATTCCGCTTCCTAC/ GTGACCTCGTTCCCGTCG

2bA56-65 ACAGGGTCATGCCGC/ TAGGAAGCGGAATAGTCTGAG

2bA56-60 GATGGTTCGGAACTGACAG/ TAGGAAGCGGAATAGTCTGAG

2b56aaa65 ACAGGGTCATGCCGC/
CGCCGCCGCCGLCCGLCCGCCGCCGCCGCCGCTAGGAAGCGGAATAGTCTGAG

2b56aaa60 GATGGTTCGGAACTGACAG/ CGCCGCCGCCGCCGCTAGGAAGCGGAATAGTCTGAG

2bFny/LS56- | CCGTTCcatggAGTGGATGGTTCGGAA/ TAGGAAGCGGAATAGTCTGAG

60

2bA83-93 (2)
Rv

GAAAGCACCTTCCGCCCATTCGTTACCGGCGAACCAATCTGTATCGTCAAAGGCCTC
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2bA83-93 (1)
Rv

CCAATCTGTATCGTCAAAGGCCTCAGACTCGGGTAAC

2b Fw

ATGGAATTGAACGTAGGTGCAATGAC

Primers for G

ibson assembly

Primer name

Sequence 5°-3’

RFP Fw ATGGCCTCCTCCGAGGACGTCATC

GFP Fw ATGGTGAGCAAGGGCGAGGAGCTG
RNAIUTR TGGTCTCCTTTTAGAGAC

Rv

RFP1 Fw GTAATTCCTATGGCCTCCTCCGAGGAC
RFP1 Rv GTCGCCATGGCGCCGGTGGAGTG

GFP1 Fw GTAATTCCTATGGTGAGCAAGGGCGAG
GFP1 Rv CGTCGCCATCTTGTACAGCTCGTCCATGCC
RFP2 Fw GGTGCTTTCATGGCCTCCTCCGAGGAC
RFP2 Rv GGTTTCAGGCGCCGGTGGAGTG

GFP2 Fw GTGCTTTCATGGTGAGCAAGGGCGAG
GFP2 Rv GAGGTTTCACTTGTACAGCTCGTCCATGCC
RNAI Fw ATGGCGACGTCCTCG

RNA2 Fw TGAAACCTCCCCTTCCGC

RNAI1 Rv AGCACGAGCAACACATTC

RNA2 Rv GAAAGCACCTTCCGCCCATTC

RNAI1 Fw ATGGCGACGTCCTCG

RNA2 Fw TGAAACCTCCCCTTCCGC

RNAI1 Rv AGCACGAGCAACACATTC

RNA2 Rv GAAAGCACCTTCCGCCCATTC

RRNAI Fw | CCGGCGCCATGGCGACGTCCTC

RRNAI Rv | GGAGGCCATAGGAATTACAAAGAAAAGATTAAGAAAG
GRNA1 Fw | CTGTACAAGATGGCGACGTCCTC
GRNA1Rv | CTTGCTCACCATAGGAATTACAAAGAAAAGATTAAGAAAG
RNA2R Fw | CACCGGCGCCTGAAACCTCCCCTTCCGC
RNA2R Rv | GAGGCCATGAAAGCACCTTCCGCCC
RNA2G Fw | GCTGTACAAGTGAAACCTCCCCTTCCGC
RNA2GRv | GCTCACCATGAAAGCACCTTCCGCCC

Primers for detection of transcripts

Transcript
name

Sequence Fw/Rv
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F-BOX GGCACTCACAAACGTCTATTTC / ACCTGGGAGGCATCCTGCTTAT
L23 AAGGATGCCGTGAAGAAGATGT / GCATCGTAGTCAGGAGTCAACC
PP2A GACCCTGATGTTGATGTTCGCT / GAGGGATTTGAAGAGAGATTTC
NbAGO2 TTTCCGTGATGGTGTGAGT / GAGTGATTGCTGGTCGATA

Primers for Q

5 Mutagenesis to recapitulate the Ho-CMYV 2b gene

Primer set Sequence Fw/Rv

name

2bA106V AACGAATGGGTGGAAGGTGCT / ACCGGCGAACCAATCTGTAT
2bS80P GTTACCCGAGCCTGAGGCCTC / TCCGCCACGTTCACATGG
2bV72A TGCCGCCATGCGAACGTGGCG / TGACCCTGTCAGTTCCGAACC
2bS47A GAGAGCGCGTGCAAATCTCAG / TCGCTGGGACTTTTGTGA

Primers for Q

5 mutagenesis of YFP sequences

Primer set Sequence Fw/Rv

name

PSITE- CTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCC/

YFPC TTCACCTTGATGCCGTTCTTCTGCTTGTCCCCTATCACCACTTTGTACAAGAAAGCTGAACG
extension

PSITE- GGCAGCGTGCAGCTC / GGCCATGATATAGACGTTGTGG

YFPN

deletion
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2.2.6 Other constructs used in this study

This study used several plasmid vectors that had been previously generated in our lab.
Constructs used for the expression of GFP- or RFP-tagged Fny-CMV 1la and LS-CMV 1a
proteins were based on a pMDC32 background. These were generated by cloning GFP and
RFP tags into previously untagged 1a-pMDC32 plasmid background using BamHI and Apal
restriction enzymes (Watt et al., 2020). Constructs used for the expression of GFP- or RFP-
tagged AGO1 proteins were also generated in our lab using a gateway cloning method and
were based on a pSITE background (Watt et al., 2020). Constructs expressing RFP and GFP
tagged DCP1 were also generated by gateway cloning with GFP-tagged DCP1 being
previously generated by Dr. Lewis G Watt (University of Cambridge, Cambridge, UK) and
RFP-tagged DCP1 gifted by Dr. Nina Lukhovitskaya (University of Cambridge, Cambridge,

UK).

For BiFC analysis several previously described constructs were used, based on pROK?2
backgrounds containing N- and C-terminal domains of sYFP (Bracha-Drori et al., 2004).
Sequences encoding the Fny-CMV 1la and LS-CMYV 1a proteins were amplified from pFny109
and pLS109 constructs and cloned into pPROK2-sYFP backbones using BamHI and Xmal
restriction enzymes by Dr. Lewis G Watt. Constructs containing sequences encoding the Fny-
CMV 2b, LS-CMV 2b and AGOI proteins fused with N- or C-terminal halves of the YFP
protein were also generated in a similar manner and gifted to our lab by Dr. Tomas Canto
(Centro de Investigaciones Bioldgicas, Madrid, Spain) (Gonzalez et al., 2010). Dr. Canto also
provided a pBIN61 construct encoding the P19 silencing suppressor of CIRV under the
Cauliflower mosaic virus (CaMV) 35S promoter (Canto et al., 2006) which was used to

improve transient gene expression levels in some assays.
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2.3 Bacterial transformation procedures
2.3.1 Plasmid purification

Cells of E. coli strain DH5a were cultured overnight in Luria-Bertani broth (LB) (Sambrook
et al., 1989) containing kanamycin or spectinomycin antibiotics depending on the plasmid
being selected for. Plasmid DNA was isolated using techniques based on Alkaline lysis
(Birnboim and Doly, 1979). Plasmids intended for sequencing or cell transformation were
purified via minipreparation using the NEB Monarch plasmid purification kit (New England

Biolabs, Hitchin, UK). The cells in the E. coli culture (2 ml) were pelleted by centrifugation

for 4 minutes at 16,000 x g using a Heraeus® Biofuge® Pico centrifuge equipped with a 24-
place microlitre rotor. All subsequent steps were conducted following the manufacturer’s
instructions (New England Biolabs). The purified plasmid DNA was eluted in 18 pl sterilised

distilled water.

Larger quantities of plasmid DNA, for plasmids intended for in vitro transcription, were
purified using midi-preparations. This method followed the principal technique of alkaline lysis
(Birnboim and Doly, 1979) with additional RNase A digestion, phenol- chloroform extraction
and 70 % ethanol wash steps as described by Addgene (Purifying Plasmid DNA, 2018
:https://www.addgene.org/protocols/purify-plasmid-dna/). Plasmids were linearised and DNA
fragments separated by electrophoresis and extracted from agarose gels (Dretzen et al., 1981),

for use as in vitro transcription templates (Section 2.3.6).
2.3.2 Agrobacterium tumefaciens competent cell preparation

A single colony of Agrobacterium tumefaciens (A. tumefaciens) strain GV3101 was cultured
overnight in a shaking incubator at 28 °C in 15 ml of LB media containing 50 pg/ml rifampicin

and 10 pg/ml gentamicin. A 4 ml aliquot was taken from this starter culture and used to
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inoculate 250 ml of LB and cultured overnight in a shaking incubator at 28 °C until the OD600
reached 0.7 (measured using a Helios Gamma spectrophotometer [Thermo Electron
Spectroscopy, Cambridge, UK]). The culture was then chilled on ice for 30 minutes and
pelleted by centrifugation at 4000 x g, 4 °C for 15 min at 4 °C in an Avanti® J-26XP High-
Performance Centrifuge equipped with a JS 5.3 swinging bucket rotor (all subsequent
centrifugation steps were the same). The pellet was resuspended in 50 ml ice-cold water,
centrifuged again, and resuspended again in 50 ml ice-cold water. The suspension was
centrifuged a third time, and the pellet resuspended in 10 ml ice-cold 10 % (v/v) glycerol. The
suspension was centrifuged a final time and the pellet resuspended in 2 ml ice-cold 10 % (v/v)
glycerol. Stocks were aliquoted into 50 pl amounts in 1.5 ml microfuge tubes, flash frozen in

liquid nitrogen and stored at -80 °C.
2.3.3 Transformation of E. coli and A. tumefaciens

Plasmid expression vectors were transformed into E. coli (DH5a) (Jesse, 1986) competent cells
(New England Biolabs). E. coli suspensions were thawed on ice and 50 ng of plasmid DNA
was added to 50 pl of competent cells, incubated on ice for 30 minutes, incubated in a 42 °C
water bath for 30 s and returned to ice for 5 min. Transformed cells were added to 500 pl of
LB and shaken at 37 °C for 1 h before 100 pul of culture was plated on LB agar (LBA) plates

containing appropriate antibiotics and incubated overnight at 37 °C.

Plasmid expression vectors were transformed into A. tumefaciens (GV3101) using
electroporation (Weigel and Glazebrook, 2006). Cells were mixed with 30 ng of plasmid DNA

and added to a pre-chilled MicroPulser electroporation cuvette (Bio-Rad Laboratories Ltd,

Hemel Hempstead, UK). Cells were electroporated using Gene Pulser Xcell T™M (Bio-Rad

Laboratories Ltd, Hemel Hempstead, UK) according to pre-set A. tumefaciens specifications
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(200 W, capacitance extender 250 pF, capacitance 25 pF). Transformed cells were added to
500 pl of LB and shaken at 28 °C for 2-3 h before 100 pl of culture was plated on LBA plates
containing the appropriate plasmid selection antibiotics, rifampicin and gentamycin. Plates

were incubated at 28 °C for 2-3 days until colonies formed.

Successfully transformed colonies were confirmed using colony PCR and Sanger sequencing
(Section 2.2.3). Successful colonies were cultured in liquid media and stored in a 25 % (v/v)

glycerol stock at -80 °C.

2.3.4 Plant growth conditions

Seeds of Nicotiana benthamiana (N. benthamiana ) Domin. (accession RA-4: Wylie et al.,
2015) were germinated and grown for three weeks in a 4:1 mixture of Levington M3 compost
(Scotts, Surrey UK) and sand. Plants were grown in a Conviron (Manitoba, Canada) growth
room maintained at 22 °C, 60 % relative humidity and 200 pmol.m2.s"! photosynthetically-
active radiation under cycles of 16 h of light and 8 h of dark at the Department of Plant Sciences
Plant Growth Facility, Botanic Gardens, University of Cambridge (Cambridge, UK). After four
weeks of growth, the third or fourth true leaves of the N. benthamiana plants were used for

agroinfiltration assays.

2.3.5 Agroinfiltration of N. benthamiana plants

A. tumefaciens (GV3101) cells harbouring plasmids for the expression of fluorescently tagged
proteins were added to 50 ml of liquid LB medium (Sambrook et al., 1989) containing the
appropriate plasmid antibiotic and 50 pg/ml rifampicin and 10 pg/ml gentamicin. Cultures were
incubated for 18 h in a shaking incubator at 28 °C and subjected to centrifugation at 5000 x g

for 15 min using an Avanti® J-26XP High-Performance Centrifuge equipped with a JS 5.3
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swinging bucket rotor. The resultant pellet was re-suspended in MMA buffer (10 mM MgCla,
10 mM 2-(N-morpholino)ethanesulfonic acid and 100 uM acetosyringone) and diluted with
MMA buffer to an OD600 of 0.5 using a Helios Gamma spectrophotometer (Thermo Electron
Spectroscopy, Cambridge, UK). An OD600 reading of 0.1 approximately equates to 10% colony
forming units (CFU)/ml (Masclaux and Expert, 1995) and the bacterial suspensions were
diluted to achieve approximately 10° CFU/ml for all infiltration experiments. Suspensions were
gently shaken at room temperature for two hours and infiltrated into the abaxial side of the
third or fourth true leaves of four-week-old N. benthamiana plants using a syringe without a
needle. Agroinfiltrated N. benthamiana plants were returned to the growth room for four days

before leaves were removed for subsequent analysis.

2.3.6 Infection of plants with infectious synthetic viral RNA

E. coli cells harbouring plasmids encoding versions of the pFny109 and pFny209 constructs
expressing RNA1 and 2 respectively from Fny-CMV (Rizzo and Palukaitis, 1990) modified to
express, la and 2b proteins fused to fluorescent proteins (Section 2.3.2) were cultured and

plasmids purified (Birnboim and Doly, 1979), as described in Section 2.6.

Plasmids were linearised for use as in vitro transcription templates by restriction enzyme
cleavage of the plasmid sequence at points corresponding to the 3’ terminus of each viral
sequence using Pstl (Rizzo and Palukaitis, 1990). Additional in vitro transcription templates
for generation of RNA encoding tagged Fny-CMV 1a proteins from modified RNA1 cDNA
were generated following PCR amplification of the pFny109- RFP plasmid. First strand cDNA
was primed with an oligonucleotide (5’- CAGGAAACAGCTATGAC-3") which corresponded
exactly to the T7 promoter positioned towards the 5’ terminal of the linearised pFny109-RFP
plasmid. Second strand cDNA was primed with an oligonucleotide (5°-
TGGTCTCCTTTTAGAGAC-3") which corresponded exactly to the 3’ terminal of the RNA1
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sequence (the 3 untranslated region) positioned towards the 3’ terminal of the linearised
pFny109-RFP plasmid. This yielded double stranded cDNA fragment encompassing the T7
promoter and entire modified RNA1 sequence. In vitro transcripts were generated from these
cDNA molecules using the mMessage mMachine™ T7 transcription kit according to the
manufacturer’s instructions (Thermo Fisher Scientific, Paisley, UK). Synthetic RNA,
generated from a modified cDNA version of RNA2 modified to express tagged Fny-CMV 2b
proteins, was mixed with synthetic RNA from a cDNA version of RNA3, and a cDNA version
of RNA1 or a modified cDNA version of RNA1 expressing tagged Fny-CMV 1a proteins.
Leaves were mechanically inoculated with viral RNA using Carborundum powder and a
frosted microscope slide. Plants were then left for 4-6 days and imaged under a confocal laser

scanning microscope.

2.4 RNA silencing suppressor activity assays

For suppressor activity assays, N. benthamiana leaves were infiltrated with A. tumefaciens
carrying plasmids expressing free GFP under the 35S promoter, either by itself or with another
plasmid expressing RFP or split YFP tagged CMV proteins or untagged P19 protein. Leaves
were imaged 4, 8 and 11 days after agroinfiltration using a Leica SP5 confocal microscope and
the intensity of fluorescence quantified using Image J (Section 2.4.2). The R statistical package
3.2.2 (CRAN-Ma, Imperial College London, UK, www.R- project.org.) was used to perform

an ANOVA and Tukey’s HSD post-hoc test to assess statistical significance.

2.5 Confocal scanning laser microscopy

All fluorescence imaging was conducted using a Leica Model SP5 (Leica Microsystems,
Heidelberg, Germany) confocal microscope. Fluorescence was monitored from either GFP,

mRFP or re-constituted split YFP fluorophores of tagged proteins following excitation at 488
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nm, 561 nm, or 514 nm, respectively. Gain and pinhole setting were kept constant within each
experiment and were chosen such that no fluorescence was visible in mock-infiltrated leaves.
For BiFC experiments gain and pinhole settings were chosen such that no fluorescence was
detectable for leaves co-infiltrated with plasmids expressing untagged N and C terminal halves
of the split YFP fluorophore or co-infiltrated with plasmids expressing interacting proteins
tagged with matching halves of the YFP fluorophore (i.e., 2b-YFPn and AGO1-YFPn). Images
were saved using the Leica LAS software and exported as TIF files. Quantitative results for

fluorescence intensity were obtained using Imagel version 2.0.0 http://imagej.net (Schneider

et al., 2012) to assess the integrated density of the image and statistical analysis was performed

on these values using R studio version 3.4.3 https://www.r-project.org/ (R Core Team, 2013).

Staining of the nucleus and endoplasmic reticulum (ER) was achieved with 300 nM DAPI
(Invitrogen) or 1 uM ER-tracker (Invitrogen) solutions, respectively. DAPI or ER-tracker
solutions were infiltrated into the abaxial side of N. benthamiana leaves and left for 30 minutes
and excess dye was flushed from the leaf by infiltration with 50mM potassium phosphate
buffer, pH 7.4. Leaves infiltrated with DAPI solution were imaged using the UV laser line at
405 nm and leaves infiltrated with ER-tracker solutions were imaged using the UV laser line

at 587 nm.

2.6 Reverse transcription-coupled polymerase chain reaction (RT-qPCR) analysis

Total RNA was extracted from 100 mg of frozen leaf tissue using Norgen Total RNA
purification kit (Norgen Biotek, ON, Canada), according to the manufacturer’s instruction with
the optional addition of 0.01% (v/v) 2-mercaptoethanol (RNA concentrations and sample
purity were measured using a Nanodrop ND-2000 spectrophotometer (Nanodrop

Technologies, Rockland, DE, USA) and only samples with an A260/A280 ratio between 1.8-
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2.0 were used for subsequent analysis. First strand cDNA was synthesised from 500 ng of total
RNA using the GoScript™ Reverse Transcription System and oligo(dT)1s primers (Promega
Madison, WI, USA) according to their instructions with the optional addition of RiboLock

RNase inhibitor (20 units) (Thermo Fisher Scientific, MA, USA).

RT-qPCR was performed in 96-well plates using the CFX96 real-time PCR detection system
(Bio-Rad, Hercules, CA, USA). Six biological replicates were used for each treatment and each
qPCR run used three technical replicates of each sample (i.e., cDNA from the same RNA
preparation). Each 10 pl reaction consisted of 5 ul 2X SYBR green, 1 ul cDNA, 1.25 pl forward
and reverse primers (3 pmol/ml) and 1.5 ul DNAse free water. The thermal profile of the
reaction consisted of an initial 10-min denaturation at 95 °C, followed by 40 cycles of 10 s at
95 °C and 10 s at 60 °C with fluorescence acquisition after each cycle. Finally, a dissociation
curve was generated by increasing temperature from 65 °C to 95 °C, to verify primer

specificity.

PP24, L23 and F-BOX were used in combination as reference genes since they have stable
constitutive expression in N. benthamiana that is unaffected by virus infection (Liu et al.,
2012). AGO?2 expression was then normalised relative to the mean of PP24, L23 and F-BOX
expression for each sample. Relative quantification was performed using the Bio-Rad CFX
Manager software (version 1.1) with default parameters. Primer sequences used for PP24, L23,
F-BOX and AGO2 amplification followed those used in a previous study in N. benthamiana

(Liu et al., 2012) and are shown in Table 2.1.
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2.7 Statistical analyses

All statistical analysis and graph plotting was performed using the R statistical package 3.2.2
(CRAN-Ma, Imperial College London, UK, www.R-project.org.). 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.

2.8 Protein studies

2.8.1 Protein extraction

Total protein was extracted from 100 mg of agroinfiltrated N. benthamiana leaf tissue. Samples
were frozen with liquid nitrogen and ground to a powder with a pestle and homogenised in
protein extraction buffer [25 mM Tris-HClI pH 7.5, 200 mM NaCl, 1 mM
ethylenediaminotetraacetic ~ acid  (EDTA), 0.15%  (v/v) IGEPAL® CA-630
(octylphenoxypoly(ethyleneoxy)ethanol, branched), 10% (v/v) glycerol, 10 mM dithiothreitol
(DTT), and protease inhibitor cocktail (Roche)]. Crude extract was pelleted by centrifugation
at 12,000 xg for 5 min at 4 °C in an Eppendorf 5415 R centrifuge (Eppendorf, Stevenage, UK)
and the clarified supernatant collected. Protein concentrations were measured for 2 pl samples
using the absorbance at 280 nm in a Nanodrop ND-2000 spectrophotometer (Nanodrop
Technologies, Rockland, DE, USA). Protein samples were mixed with an equal volume of
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer [120
mM Tris-HCL pH6.8, 20% (v/v) glycerol, 4% (w/v) SDS, 0.04% (w/v) bromophenol blue, 10

% (v/v) 2-mercaptoethanol].
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2.8.2 Western immunoblot analysis

Total protein extracts were denatured by incubation at 90 °C for 10 mins and resolved on 12
% (w/v) polyacrylamide running gels [0.143 M Tris-HCL pH 6.8 and 0.1 % (w/v) SDS] with
a 5 % (w/v) polyacrylamide stacking gel [0.37 M Tris-HCL pH 8.7 and 0.1% (w/v) SDS]
comprising the upper portion (Laemmli, 1970). To polymerise the gels, 0.12 % (w/v)
ammonium persulphate and 0.12 % (v/v) tetramethylethylenediamine (TEMED) were added
to 5 ml of polyacrylamide gel solution. Gels were cast in Mini-Protean II Dual Slab cell systems
(Bio-Rad Laboratories Ltd, Hemel Hempstead, UK) and polymerised at room temperature for
approximately 1 h. Loaded gels were submerged in running buffer [0.125 M Tris-HCI pH 8.3,
0.2 M glycine, 0.1 % (w/v) SDS] and run at 100 V for approximately 2 h (until the dye front

had reached the bottom of the gel).

Protein samples were electrophoretically transferred from SDS-PAGE gels onto a PROTRAN
(Merck) nitrocellulose membrane (Towbin et al., 1979) using a Mini Trans-Blot
electrophoretic transfer cell (Bio-Rad). The loaded transfer cell was submerged in transfer
buffer [15.6 mM Tris-HCI pH 8.3, 120 mM glycine, 20 % (v/v) methanol] (Gershoni and
Palade, 1982). An ice pack was used to keep the buffer chilled, and a current of 400 A was
applied for 1 h 30 min. Following transfer, blots were dried overnight and stained with Ponceau
S stain [0.1 % (w/v) Ponceau S in 5 % (w/v) acetic acid] to allow visual assessment of

successful protein transfer and equal loading.

For immunological detection of transferred proteins, membranes were submerged in blocking
buffer [Tris-buffered saline (TBS: 150 mM NaCl, 50 mM Tris-HCL, pH 7.6), 0.1 % (v/v)
Tween-20, 5 % (w/v) skimmed milk powder] and gently shaken for 30 minutes at room
temperature before washing three times for 5 min in TBS. Membranes were incubated with

either the rabbit polyclonal primary antibody anti-GFP (PABG1) (1:1000) or mouse
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monoclonal primary antibody anti-RFP (6G6) (1:2000) (Chromotek, Planegg-Martinsried,
Germany) for 1 h at room temperature. Membranes were then washed by gentle shaking three
times for 5 min in TBS amended with 0.1 % (w/v) Tween-20 at room temperature. IgG
horseradish peroxidase conjugated anti-rabbit or anti-mouse secondary antibodies (1:10000)
(Promega) were added to the membrane and incubated for 1 h. Membranes were washed twice
for 5 min in TBS with 0.1 % (w/v) Tween-20 followed by a wash in TBS for 10 min. Finally,
the blotted membrane was incubated with Pierce Enhanced Chemiluminescence ECL-Plus
substrate (Thermo Fisher Scientific, Paisley, UK). Chemiluminescence signals were imaged
by exposure on X-ray film (FUJIFILM UK Ltd, Bedford, UK) for various times and developed
using an X-ray film processor (X-ograph, Compact X2), or signals were directly captured in a

G:BOX Chemi XRQ machine (Syngene, Cambridge, UK).

2.8.3 Co-immunoprecipitation

GFP-tagged or RFP-tagged proteins were immunoprecipitated from total leaf protein extract
by incubation with GFP-Trap or RFP-Trap magnetic agarose beads (ChromoTek, Planegg-
Martinsried, Germany). The co-immunoprecipitation assay was carried out according to the
manufacturer’s instructions whereby 300 pl of protein extract was diluted with 500 pl of ice-
cold dilution buffer (10 mM Tris-HCI1 pH 7.5, 150 mM NacCl, 0.5 mM EDTA) and incubated
with 25 pl of equilibrated magnetic agarose beads for 1 h at 4 °C. The magnetic beads were
washed three times with ice-cold dilution buffer, re-suspended in 50 pl 2 x concentration SDS
sample buffer (Laemmli, 1970) and heated for 10 min at 95 °C to dissociate immunocomplexes

from the beads. The supernatant was analysed by SDS-PAGE as in Section 2.8.2.

41



2.9 Protein structural studies

2.9.1 In silico analysis of potentially intrinsically disordered protein sequences

[UPred3, ANCHOR?2 and ParSe v2 prediction algorithms were used to assess the disordered
nature of protein sequences for Fny-CMV 2b (accession: NC002035), LS-CMV 2b (accession:
AF416900), Fny-CMV 1a (accession: D00356), LS-CMV 1a (accession: AF416899) and A.
thaliana AGO1 (UID: 841262). The IUPred3 server (Erdds et al., 2021) is a combined web
interface which uses neural network strategies, educated with experimental data, to predict
regions of disorder. The ANCHOR?2 prediction algorithm (Dosztanyi et al., 2009) identifies
context-dependent protein disorder, where the transition between the unstructured and the
structured states is initiated by the presence of an appropriate protein partner. The ParSe v2
uses sequence hydrophobicity to identify intrinsically disordered protein regions followed by
subsequent sorting into disordered regions which phase transition and those which do not

(Ibrahim et al., 2023).

A diagram of states was produced for the Fny-CMV 2b protein using the Pappu Lab’s
Classification  of Intrinsically Disordered Ensemble Regions  webserver  version 2.0
(Holehouse et al. 2015, 2017). This tool calculates the following set of parameters: the extent
of charge segregation in a sequence; the fraction of charged residues in a sequence; net charge
per residue; the mean hydropathy of a sequence; the fraction of residues which are classified
as 'disorder-promoting’ and the fraction of positive charge vs. fraction of negative charge (Das-
Pappu phase diagram). These parameters are then used to predict the kinds of conformations

the Fny-CMV 2b protein form.
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2.9.2 Structural analysis of the 2b protein secondary structure using nuclear magnetic

resonance and circular dichroism

Protein expression and purification was conducted by LifeTein protein expression services
(Somerset, NJ, USA). His-tagged Fny-CMV 2b protein was expressed in E. coli under a T7
promoter and purified using Ni-NTA nickel affinity beads (Qiagen). Purified protein was run
on an SDS-PAGE gel to confirm purity and correct size. Purified protein was dissolved in
phosphate buffer saline (PBS) (137 mM NaCl, 2.7 mM KCI, 10 mM NaHPO4, and 1.8 mM
KH2PO4, pH 7.4) and lyophilized. The 2b protein ORF expressed matched the amino acid
sequence of Fny-CMV 2b protein (accession NC002035) with a single amino acid substitution
replacing glutamic acid at position 104 with lysine (E104K) to mitigate the toxic effects of the
2b protein in E. coli (Sueda et al., 2010) yielding the following polypeptide:
MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARSNLRLFRFL

PFYQVDGSELTGSCRHVNVAELPESEASRLELSAEDHDFDDTDWFAGNKWAEGAF.

Nuclear magnetic resonance (NMR) spectra were acquired at 25 °C for 600 pl of 200 mM
protein sample suspended in PBS amended with 1 mM 1,4-dithioerythritol. The protein sample
was subjected to a 2-dimensional nuclear Overhauser enhancement spectroscopy (2D NOESY)
analysis (800 MHz, 298K, mixing time = 150 ms) and a 2-dimensional total correlation
spectroscopy (2D TOCSY) analysis (800 MHz, 298K, mixing time = 32 ms) using a Bruker
Avance IIT AV800 Spectrometer. NMR spectra acquisition and interpretation was performed

by Prof. Daniel Nietlispach at the Department of Biochemistry (University of Cambridge, UK).

For circular dichroism (CD) analysis, a buffer exchange was performed using PD
MidiTrap™ G-25 following the protocol provided (Sigma-Aldridge) to remove the PBS and
resuspend the 2b protein sample in 10 mM potassium phosphate buffer, pH 7.4 amended with

1 mM 1,4-dithioerythritol. Far-UV CD spectra were obtained at 25 °C for 13.5 uM sample of
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protein solution using a 1 mm quartz cuvette in a Chirascan CD spectrometer (Applied
Photophysics). CD spectra were acquired in the far-UV region at wavelengths between 190-
240 nm using a 1 nm bandwidth and averaged across five scans. CD analysis was performed
by myself under the guidance of Dr. Pamela Rowling in the Department of Pharmacology
(University of Cambridge, UK). Dr. Pamela Rowling also performed a mass spectroscopy

analysis to confirm the molecular weight of the 2b protein sample.

44



Chapter 3. The Fny-CMV 1a protein competes with

AGO1 for binding to the Fny-CMV 2b protein

3.1 Introduction

CMV is transmitted by aphid vectors during short probing feeds (Hull, 2014b; Krenz et al.,
2015). As a result, localised transmission is most efficient if aphids alight only briefly on
infected plants (Mauck et al., 2016; Groen et al., 2017; Donnelly et al., 2019). However,
prolonged feeding (leading to settlement and reproduction of aphids on a plant) results in the
development of winged aphids which will favour longer distance transmission of the virus
(Donnelly et al., 2019). It is well documented that CMV can manipulate the gene expression
and metabolism of infected plants in ways that may favour viral transmission by aphids (Ziebell
et al., 2011; Westwood et al., 2013; Mauck et al., 2016; Groen et al., 2017; Carr et al., 2018;
Donnelly et al., 2019). How viral gene products can modify aphid-host interactions has been
shown in some detail using transgenic 4. thaliana plants expressing proteins from the Fny
strain of CMV. In this system, expression of the Fny-CMV 2b protein inhibits the activity of
AGOI and activates a ‘booby-trap’ leading to the induction of antibiosis (Westwood et al.,
2013). However, if the Fny-CMV 1la protein is co-expressed with the Fny-CMV 2b protein
then no induction of antibiosis is observed (Westwood et al., 2013). In natural Fny-CMV
infections, this allows the Fny-CMV 2a protein to induce milder feeding deterrence (through
the production of 4MI3M) which favours viral transmission (Westwood et al., 2013) (Section

1.4.1).
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In this Chapter, I describe work investigating how the Fny-CMV 1a protein can negatively
regulate the interaction of the Fny-CMV 2b protein with the AGO1 protein of 4. thaliana.
There were two potential hypotheses to explain the finding. First, that there is a direct
interaction between the Fny-CMV la and 2b proteins, and second that the 1a interacts with one
or more host factors to inhibit the induction of antibiosis. To distinguish between these
hypotheses, I investigated whether or not the 2b and 1a proteins are able to directly interact in
planta using imaging techniques. The work described in this chapter formed part of a larger
study complementing the work of a fellow PhD student in the lab, Dr. Lewis Watt, and the
results of our joint investigations were published in PLoS Pathogens (Watt et al., 2020). The
results presented here were all obtained by myself and my full contributions to the paper are

summarised in Appendix I.

3.2 Results

3.2.1 Subcellular localisation of viral proteins

The interactive effects of Fny-CMV 1la, Fny-CMV 2b and AGO1 proteins have been implicated
as key determinants of defence responses in infected plants (Gonzélez et al., 2010; Harvey et
al., 2011; Westwood et al., 2013). To analyse their subcellular distribution in vivo, Fny-CMV
la, Fny-CMV 2b and AtAGOI proteins were fused with GFP or RFP fluorescent markers.
Fusion proteins were transiently expressed in N. benthamiana leaf cells by agroinfiltration, and

fluorescence was observed by confocal scanning laser microscopy.

The Fny-CMV 2b protein was seen to localise with the cytoplasm, cytoskeleton and nuclei of
epidermal cells (Figure 3.1A) which is consistent with previous localisation and fractionation
studies (Mayers et al., 2000; Gonzalez et al., 2010). The Fny-CMV 1a protein localised to

distinct foci in the cytoplasm which represented a newly reported localisation pattern for the
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CMV 1a protein (Figure 3.1B). Meanwhile, the AGO1 protein from A. thaliana localised to
the cytoplasm, nucleus and to foci within in the cytoplasm (Figure 3.1C), which is also
consistent with previous observations (Gonzalez et al., 2010; Pomeranz et al., 2010). For all of
these proteins, RFP and GFP fusion proteins yielded the same results, and the observed patterns

of fluorescence were markedly different from that observed with free GFP (Figure 3).

RFP and GFP fusion proteins for the Fny-CMV 2b, Fny-CMV 1a and AGO1 proteins were co-
infiltrated into N. benthamiana in various combinations and the occurrence of co-localisation
(seen as yellow signals) was assessed. When co-expressed with Fny-CMV 1a, the Fny-CMV
2b protein still seemingly accumulated in the cytoplasm and nucleus but a proportion of the
Fny-CMV 2b protein pool co-localised with the Fny-CMV 1la protein in cytoplasmic foci
(Figure 3.2A). When Fny-CMV 2b protein was coexpressed with AGO1, the localisation of
both proteins appeared unchanged with co-localisation observed in the nucleus and cytoplasm
(Figure 3.2A). To better characterise the subcellular localisation of the Fny-CMV 1a protein, a
Fny-CMV 1a-GFP fusion protein was co-expressed with RFP-tagged versions of the P-body
markers DCP1 and DCP2 (Figure 3.2A). Co-localisation was seen between Fny-CMV la and
the P-body marker DCP2 (Figure 3.2A) which represents a newly reported localisation pattern
for the CMV la protein. The AGOI1 protein was also seen to co-localise with DCP2 (Figure
3.2A) which is a previously reported localisation pattern (Pomeranz et al., 2010). No
colocalisation was seen between Fny-CMV 1a proteins and the marker dye ER-tracker (Figure

3.2B) suggesting the observed cytoplasmic foci do not relate to vesicles derived from the ER.
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Free GFP

A Fny 2b-GFP Fny 2b-RFP

B Fny 1a-GFP Fny 1a-RFP

0 pm 100

c AGO1-GFP AGO1-RFP

D DCP1-RFP DCP2-RFP

Figure 3.1. The subcellular localisation of Fny-CMV 2b, Fny-CMV 1a and AGO1
proteins. Constructs encoding the Fny-CMV 2b (2b), Fny-CMV 1la (1a) or AGO1 protein
fused at their C-terminus to red fluorescent protein (RFP) or green fluorescent protein (GFP)
tags, were transiently expressed in N. benthamiana leaves by agroinfiltration. Confocal laser
scanning microscopy was used to observe the subcellular localisation of fluorescent proteins.
A, Fluorescence derived from 2b-RFP or 2b-GFP seemingly localised to the nucleus and the
cytoplasm. B, Fluorescent signal derived from 1a-GFP or 1a-RFP localised to cytoplasmic foci.
C, Fluorescence derived from AGO1-RFP or AGO1-GFP localised to the cytoplasm, nucleus
and cytoplasmic foci. D, Fluorescent signal derived from the P-bodies markers DCP1 and
DCP2 localised to cytoplasmic foci corresponding to P-bodies.
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Fny 2b-GFP +
Fny 1a-RFP

Fny 2b-RFP +
AGO1-GFP
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B ER Stain

Fny 1a-GFP + 13
ER stain ;

Figure 3.2. Localisation of the Fny-CMV 1a and 2b proteins, AGO1, endoplasmic
reticulum and P-bodies. A. Constructs encoding red fluorescent protein (RFP) or green
fluorescent protein (GFP) tagged Fny-CMV 2b protein, Fny-CMV 1a protein, AGO1 protein or
the P-body marker protein DCP2 (2b-RFP, 2b-GFP, 1a-RFP, 1a-GFP, AGO1-GFP and DCP2-
RFP) were transiently co-expressed in N. benthamiana leaves. A portion of the Fny-CMV 2b-
GFP signal was seen to co-localise with the Fny-CMV 1a-RFP signal yielding a merged signal
shown as yellow. Fluorescence derived from the RFP-tagged Fny-CMV 2b and GFP-tagged
AGOI1 proteins was also seen to co-localise. Additionally, Fny-CMV 1a proteins and AGO1
proteins were both seen to co-localise with DCP2 suggesting their presence at P-bodies within
the cytoplasm. B. Infiltrated leaves expressing GFP-tagged Fny-CMV 1a proteins were stained
with the dye ER-Tracer. No colocalisation was seen between the 1a protein and ER.
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3.2.2 There is a direct interaction between the 1a and 2b proteins of Fny-CMV

BiFC was used to visualise potential protein-protein interactions in vivo. Fny-CMV la, Fny-
CMV 2b and AGO1 proteins were fused with N- and C-terminally split halves of YFP (sYFP)
and fluorescence observed using a confocal scanning laser microscope (Figure 3.3). The Fny-
CMYV 2b protein was seen to self-interact and to interact with the AGO1 protein which supports
previous observations (Gonzalez et al., 2010). Fny-CMV 2b proteins interacting with AGO1
proteins followed the same localisation pattern as that seen for AGO1-RFP and AGO1-GFP
fusion proteins (Figure 3.1). Self-interacting Fny-CMV 2b proteins followed the same

localisation pattern as that observed for RFP or GFP Fny-CMV 2b fusion proteins.

When Fny-CMV 2b and Fny-CMV 1a protein sequences fused with complementary halves of
the YFP fluorophore were co-expressed, strong fluorescence was observed. This confirmed for
the first time that there is a direct interaction between the Fny-CMV 1la and Fny-CMV 2b
proteins. The localisation of this interaction occurred in the cytoplasmic foci previously
described for the Fny-CMV la protein (Figure 3.1). The localisation of self-interacting Fny-
CMV 2b proteins was also seen to change following the addition of untagged Fny-CMV la
proteins (Figure 3.3). Fluorescence was still visible diffusely through the cytoplasm and within
the nucleus but was additionally present at the cytoplasmic foci previously observed for Fny-

CMV 1a localisation (Figure 3.1).

To determine if the presence of the Fny-CMV 1a protein altered the interaction between AGO1
and the Fny-CMV 2b protein, sYFP-tagged 2b and AGO1 proteins were co-infiltrated with
untagged la protein. There was no noticeable change in localisation, but Fny-CMV la did
appear to significantly decrease the levels of fluorescence due to reconstitution of the YFP

fluorophore after sYFPN-2b and sYFPc-AGO1 interaction (Figure 3.4).
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To better characterise the interaction between Fny-CMV la and 2b proteins in vivo, the
subcellular localisation of the interaction was investigated. Localisation of the Fny-CMV 1la-
2b protein-protein interaction to P-bodies was confirmed using BiFC combined with imaging
of the P-body markers DCP1-RFP and DCP2-RFP (Figure 3.5). Leaves were co-infiltrated with
a mixture of A. tumefaciens cells harbouring plasmids encoding sYFPn-1a, sYFPc-2b and
either RFP-DCP1 or RFP-DCP2. Complexes of the 1a and 2b protein revealed by BiFC were
observed to co-localise with both DCP1-RFP and DCP2-RFP (Figure 3.5) at fluorescent foci
in the cytosol. This provides further evidence that the Fny-CMV 1a protein can complex with

the Fny-CMV 2b protein and that this portion of the 2b protein pool is re-allocated to P-bodies.
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Fny 2b-YFPc + Fny 2b-YFPn Fny 2b-YFPc + Fny 2b-YFPn + Fny 1a

»
»

Figure 3.3. The Fny-CMYV 2b protein interacts with the Fny-CMYV 1a protein and AGO1
in vivo. The Fny-CMV 2b protein, Fny-CMV 1a protein and AGO1 protein were tagged at
their C-termini with N and C halves of the yellow fluorescent protein (YFP) (2b-YFPn, 2b-
YFPc, 1a-YFPn, 1a-YFPC, AGO1-YFPc, AGO1-YFPn) and were co-expressed transiently in
N. benthamiana leaves. A. When 2b-YFPc was coexpressed with 2b-YFPn the resultant
homodimers were seen to localise to the nucleus and cytoplasm. When 2b-YFPc and 2b-YFPn
proteins were coexpressed with untagged 1a proteins the localisation of homodimer complexes
was seen to re-localise to cytoplasmic foci. B. When AGOI1-YFPn and 2b-YFPc were
coexpressed transiently in N. benthamiana leaves, the observed pattern of fluorescence showed
nuclear and cytoplasmic localisation. When 1a-YFPn and 2b-YFPc were coexpressed, a strong
fluorescent signal was observed, which localised to distinct foci within the cytoplasm in a
similar pattern to that previously reported for 1a.
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Figure 3.4. The Fny-CMYV 1a protein decreases the interaction of the Fny-CMV 2b
protein with AGO1. Constructs expressing Fny-CMV 2b and AGO1 proteins tagged with C-
and N-terminal halves of the split yellow fluorescent protein (sYFP) fluorophore were co-
expressed transiently in N. benthamiana leaves with or without the presence of untagged Fny-
CMV 1la protein. Leaves were imaged under a confocal scanning laser microscope and the
intensity of fluorescent signal from bimolecular fluorescence complementation quantified as
integrated density, using ImageJ. The brightness of the fluorescent signal resulting from the
interaction of Fny-CMV 2b and AGOI1 proteins was seen to decrease when untagged Fny-
CMV la protein was co-expressed. The difference in brightness of fluorescence was calculated
as statistically significant using an unpaired t-test, P < 0.005. Number of independent leaves
sampled, n = 11.
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RFP YFP Merged

DCP1-RFP +
Fny 2b-YFPc +
Fny 1a-YFPn

DCP2-RFP +
Fny 2b-YFPc +
Fny 1a-YFPn

Figure 3.5. Complexes of the Fny-CMV 1a and 2b proteins co-localise with P-body
markers. Constructs encoding DCP1 and DCP2 P-body marker proteins tagged with red
fluorescent protein (RFP) (DCPI1-RFP and DCP2-RFP) (Lukhovitskaya et al., 2019) were
transiently co-expressed with split yellow fluorescent protein (YFP) fusions for the Fny-CMV
2b and la proteins (2b-YFPc and 1a-YFPn) in N. benthamiana leaves by agroinfiltration.
Confocal laser scanning microscopy was used to observe the localisation of DCP1-RFP and
DCP2-RFP, and the YFP signal from complexes formed between la-YFPn and 2b-YFPc. To
facilitate visualization of the localisation of the DCP1-RFP and DCP2-RFP P-body markers
versus that of 1a-YFPn-2b-YFPc complexes in merged images, the YFP fluorescence signals
have been false-coloured green. Fny-CMV 1a-2b complexes localised exclusively to P-bodies.
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3.2.3 Expression of fluorescently tagged 1a and 2b proteins from modified Fny-CMV

infectious cDNA clones for RNAs 1 and 2

To analyse the subcellular distribution of the Fny-CMV 2b and 1a proteins under the conditions
of viral infection, as opposed to expression of viral protein by agroinfiltration, a series of
infectious cDNA clones encoding viral protein sequences fused to sequences encoding
fluorescent proteins were generated (Section 2.3.2). These cDNA clones were used as
templates for in vitro transcription to synthesize infectious genomic CMV RNAs 1 and 2 able

to express fluorescent versions of the Fny-CMV 1a and 2b proteins.

Generation of a virus infection with GFP-tagged Fny-CMV 2b protein was achieved by
mechanically inoculating N. benthamiana leaves with a mixture of approximately equimolar
amounts of synthetic wild-type RNA1 and RNA3 mixed with RNA2 modified to express Fny-
CMV 2b-GFP. Inoculated leaves were imaged at 3-5 days post-inoculation using confocal
scanning laser microscopy (Figure 3.6). Generation of a virus infection with GFP-tagged Fny-
CMYV 2b proteins, expressed from RNA2, was successful and it was possible to passage the
recombinant virus at least once using sap made from primary inoculation sites. Fluorescence
due to Fny-CMV 2b-GFP seemingly accumulated in both the nuclei and cytoplasm of
epidermal cells (Figure 3.6) consistent with previous investigations of the Fny-CMV 2b protein
(Mayers et al., 2000; Gonzalez et al., 2010). An additional phenotype was also observed with
increasing frequency in cells towards the infection centre which has not previously been
reported. In these cells, fluorescence was concentrated in membranous masses with dark circles

surrounding chloroplasts (Figure 3.6B, C).

An infectious RNA1 ¢cDNA clone modified to express an Fny-CMV 1a-RFP fusion protein
was also made and in vitro-synthesised transcripts generated. Modified in vitro-synthesised

genomic RNA1 and RNA2 molecules, capable of expressing fluorescently tagged 1a and 2b
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proteins, respectively, were combined with synthetic wild-type RNA3 and this mixture was
used to mechanically inoculate N. benthamiana plants. Inoculated leaves were imaged using
confocal scanning laser microscopy. Some fluorescence was observed from the 2b-GFP fusion
protein suggesting viral replication had occurred. However, the localisation of 2b-GFP was
restricted to small cytoplasmic foci and did not follow the expected localisation pattern (Figure
3.7). Infection did not spread throughout the leaf and infection sites remained approximately
1.5 mm in diameter. However, imaging of the RFP-tagged 1a protein proved to be not possible.
Viral replication was likely impeded either by the RFP sequences fused to the 1a protein, or
the increased size of the recombinant RNAT1, or both. Despite the occurrence of viral replication
(suggested by the presence of 2b-GFP signal), fluorescence due to the 1a-RFP fusion protein

was too faint to be reliably detected.
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Fny 2b-GFP

B GFP Bright Field Merged

Fny 2b-GFP

Fny 2b-GFP

Figure 3.6. Leaves infected with Fny-CMV modified to express a tagged 2b protein. The
RNA2 sequence of Fny-CMV was modified to encode a 2b protein with a C-terminal green
fluorescent protein (GFP) fusion (2b-GFP). The 2b-GFP protein was expressed as part of a
viral infection in N. benthamiana following mechanical inoculation of plants with viral RNA.
A. The observed pattern of fluorescence localised to the nucleus and cytoplasm. B. There was
an additional ‘lumpy’ localisation pattern which was predominantly found in older cells closer
to the infection site centre and has not previously been observed for the 2b protein. C. Imaging
for chlorophyll fluorescence confirmed that the dark specks with no 2b-GFP fluorescence
correspond to chloroplasts which the cytosol has seemingly constricted.
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A GFP RFP Merged

Fny 2b-GFP +
Fny 1a-RFP

B
Fny 2b-GFP +
Fny 1a-RFP
C
Fny 2b-GFP +
Fny 1a-RFP

Figure 3.7. Observed fluorescence in infections by Fny-CMYV modified to express tagged
1a and 2b proteins. Plants were inoculated with a mixture of viral RNA containing modified
RNA1 expressing Fny-CMV la protein with a C-terminally fused red fluorescent protein (RFP)
(1a-RFP), modified RNA2 expressing Fny-CMV 2b protein with a C-terminally fused green
fluorescent protein (GFP) (2b-GFP) and unmodified RNA3. The 2b-GFP and 1a-RFP proteins
were expressed as part of a viral infection in N. benthamiana following mechanical inoculation
of plants with viral RNA. Fluorescence was observed from the 2b-GFP protein; however, this
localised to small cytoplasmic foci and did not follow the expected localisation pattern.
Fluorescence due to 1a-RFP was too faint to be detected. Panels A-C show increased
magnification of observed fluorescence.
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3.3 Discussion

3.3.1 The Fny-CMYV 1a protein recruits a portion of the Fny-CMYV 2b proteins to P-bodies

and this modulates inhibition of AGO1 activity

I demonstrated a novel distinct subcellular localisation pattern for the Fny-CMV 1a protein at
punctate foci in the cytoplasm (Figure 3.1). I first suspected these might relate to ER-derived
vesicular replication structures, as reported for the orthologous BMV 1la protein
(Bamunusinghe et al., 2011). However, ER staining revealed this was not the case and
subsequent co-localisation studies with the P-body marker DCP2 revealed that a proportion of

Fny-CMV la protein molecules accumulate in P-bodies (Figure 3.2).

A combination of BiFC and fluorescent imaging was used to demonstrate that these P-body
sites also represent the localisation centres of the newly discovered 1a-2b interaction in Fny-
CMV (Figure 3.3). It would seem that a proportion of Fny-CMV 2b protein is therefore
recruited to the P-bodies following binding to the Fny-CMV 1a protein which demonstrates a
newly discovered function of the Fny-CMV 1la protein in the modulation of the association
between the Fny-CMV 2b protein and AGO1. These findings were expanded upon by work
done in collaboration with Dr. Lewis Watt (University of Cambridge) which demonstrated that
sufficient Fny-CMV 2b protein remains in nuclear, nucleolar and cytoplasmic locations to

facilitate its other functions such as mediating its VSR function (Watt et al., 2020).

The presence of direct interaction between Fny-CMV 1a and 2b proteins provides a mechanism
by which the extent of 2b-mediated inhibition of AGO1 could be regulated to minimise its
detrimental effects on viral transmission (Figure 7.1). The inhibition of AGO1 activity by the
Fny-CMYV 2b protein has been shown to induce antibiosis against the aphid vectors of CMV in

A. thaliana (Westwood et al., 2013), as discussed in Section 1.4. Therefore, in this plant, the
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Fny-CMV 1la protein plays an important regulatory role preventing the 2b protein from
triggering additional lines of host defence. It has also been suggested that limiting excessive
damage to the host plant may improve the ability of susceptible hosts to reproduce, which may

reduce the selection pressure favouring emergence of host resistance (Groen et al., 2017).

3.3.2 Limitations and future directions

Although there is strong inferential evidence of the effects of the interaction between Fny-
CMV la and 2b proteins, the presence of the interaction between Fny-CMYV 1a and 2b proteins
has not yet been confirmed under the conditions of viral infection. In response to a referee
suggestion during the peer review of Watt et al. (2020), I attempted to achieve this using
infectious viral clones engineered to express more than one fluorescently tagged protein.
However, it should be borne in mind that the approach of using co-agroinfiltration to assess

interactions between viral proteins is the standard methodology.

Fluorescence was observable in infection sites in which GFP-tagged Fny-CMV 2b protein was
expressed from an infectious clone (Figure 3.1). However, the efficiency of CMV replication
was greatly reduced with tagged Fny-CMV la protein and leaves inoculated with RNA
molecules expressing the tagged 1a-RFP or 1a-GFP proteins produced no detectable
fluorescence. There was detectable fluorescence resulting from the 2b-GFP protein in leaves
inoculated with RNA molecules expressing both tagged 1a-RFP and tagged 2b-GFP proteins
which demonstrates that the tagged Fny-CMV 1a protein may be able to function as part of the
viral replicase to some extent. However, the inability of the virus to spread and apparent lack
of a strong fluorescence signal from the 1a-RFP protein suggests that the 1a replicase function
was impeded. This likely results from the presence of a large fluorescent tag which can disrupt
viral protein function or replicative capacity in viruses with segmented genomes (Dos Santos

Afonso et al., 2005; Avilov et al., 2012; Thermo Fisher Technical Reference Library, 2012)
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such as CMV. The possibility that viral replication still occurs in CMV infectious generated
with tagged la proteins could be investigated using RT-qPCR with primers designed for
negative sense viral RNA. Additionally, the presence of fluorescence could be assessed
following infiltration of the tagged RNA2 in the absence of other viral RNAs to quantify
whether the tagged 2b protein is able to be generated in the absence of replication (as a result
of direct translation from the initially infiltrated RNA). Finally, the use of agroinfiltration to
introduce constructs capable of generating infectious RNAs (as opposed to the use of in vitro

transcription) could be used to attempt to launched infection more successfully.

Another limitation of the approach used is that all proteins were expressed under the CaMV
35S promoter. This meant that interactions observed could not take into account relative
differences in abundance of each protein or how relative levels of the CMV 1a and 2b proteins
might change throughout infection. Differences in expression level may also affect observed
localisation patterns such as localisation to P-bodies. However, the fact that the Fny-CMV 2b
protein is only re-localised to P-bodies in the presence of the Fny-CMV 1a protein suggests
this change in localisation pattern is not merely due to protein abundance. Native promoters
could have been used to match natural expression levels or lower concentrations of
agrobacteria carrying plasmids expressing tagged AGO1 could have been used to yield lower

levels of this protein.
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Chapter 4. Strain-specific differences in the interactions
of the cucumber mosaic virus 2b protein with the viral
la and host Argonaute 1 proteins

4.1 Introduction

CMYV strains are classified into the Subgroups IA, IB and II based on RNA sequence similarity
(Roossinck, 2002; Palukaitis and Garcia-Arenal, 2003; Balaji et al., 2008; Jacquemond, 2012).
In A. thaliana, a natural host for CMV (Pagan et al., 2010), Subgroup II CMV strains generally
cause mild or unnoticeable symptoms, compared to the symptoms induced by strains of
Subgroups IA and IB (Mochizuki and Ohki, 2011). For example, the Subgroup IA strain Fny-
CMYV causes more severe symptoms in A. thaliana accession Col-0 than either of the Subgroup
IT strains LS-CMV and Q-CMV (Lewsey et al., 2007). However, symptom severity is not
always dictated by Subgroup, as demonstrated by the recently characterized Subgroup IA strain
Ho-CMV, which was isolated from the perennial wild plant A. halleri (Takahashi et al., 2022).
Ho-CMV, despite accumulating to similarly high levels in A. thaliana as Fny-CMV, causes no
symptoms. Ho-CMV shows high RNA sequence similarity to Fny-CMV. For example, their
respective la open reading frames share 97% amino acid sequence identity and there are just
four differences in the amino acid sequences of their respective 2b proteins (Takahashi et al.,

2022).

The CMV 2b protein is an important determinant of symptom severity in several plants
including A4. thaliana (Ding et al., 1996; Shi et al., 2002, 2003; Du et al., 2007; Lewsey et al.,
2007, 2009; Ziebell et al., 2007; Mochizuki and Ohki, 2011). In transgenic A. thaliana,
constitutive expression of the 2b protein of Fny-CMV (Subgroup [A) induces strong symptom-

like phenotypes while expression of 2b proteins from Subgroup II strains LS-CMV and Q-
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CMYV does not (Lewsey et al., 2007). Surprisingly, it was reported that the constitutive
expression of the 2b protein of the Subgroup IA Ho-CMV did not modify the phenotype of
transformed A. thaliana when compared to control transformed plants (Takahashi et al., 2022).
Thus, the differences in 2b amino acid sequence of the two Subgroup IA viruses, Ho-CMV and

Fny-CMV, may be important in the contrasting severity of symptoms seen in A. thaliana.

In CMV-infected plants and in 2b-transgenic plants, the respective severity of virus-induced
symptoms or 2b-induced phenotypes are linked to the ability of different CMV strains’ 2b
proteins to disrupt the regulation of host gene expression by miRNAs (Zhang et al., 2006;
Lewsey et al., 2007; Siddiqui et al., 2008; Du et al., 2014b). This is thought to be in large part
due to inhibition of the activity of the host RNA silencing factor, AGO1, which uses miRNAs
and short-interfering RNAs as guides to direct site-specific cleavage of RNA molecules at
complementary sequences, or to inhibit mRNA translation on polyribosomes (Baumberger and
Baulcombe, 2005). In Chapter 3, I described how the 2b-AGO1 interaction is modulated by a
competing interaction of the 2b protein with the CMV 1a protein, combined with re-localisation
of the 1a-2b protein complexes to P-bodies. It was suggested that in A. thaliana, the severe
symptoms induced by Subgroup IA strains such as Fny-CMV can be explained by the
interaction of the 2b protein with AGO1, whereas the mild symptoms exhibited by Subgroup
IT strains such as LS-CMV and Q-CMYV result from a lack of any interaction between the 2b
proteins of these strains (which are identical in amino acid sequence) with AGO1 (Zhang et
al., 2006). Intriguingly, it was reported that the 2b protein of the Subgroup IA Ho-CMYV strain
does not interact with AGO1 and this may explain the lack of symptoms in 4. thaliana plants
(Takahashi et al., 2022). In this study the 2b proteins of the CMV strains Fny, Ho and LS were
investigated with respect to their subcellular localisation and contrasting abilities to interact

with AGO1 and with the Fny-CMV 1a protein.
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4.2 Results

4.2.1 Partitioning of the Ho-CMV 2b protein between the cytoplasm and nucleus is

intermediate between that of the 2b proteins of Fny-CMV and LS-CMV

The Ho-CMV 2b protein amino acid sequence differs from its Fny-CMV ortholog at four
residues (Figure 4.1). The presence of alanine at residue 72 of the Ho-CMV 2b protein differs
from the valine that is present at this position not only in the Fny-CMV 2b protein but also in
the majority of 2b orthologs encoded by Subgroup IA and IB strains. However, an exception
to this is the 2b protein of another Subgroup IA strain, Y-CMV, which has an alanine at this
position. The proline at residue 80, instead of a serine as in most other Subgroup IA and 1B
CMV strains, also marks a similarity between the Ho-CMV and Y-CMV 2b orthologs (Figure
4.1). However, the most potentially significant residues that distinguish the Ho-CMV 2b
protein with respect to symptom expression, are the alanine residue at position 47, which
replaces serine, and the valine residue at position 106, which replaces alanine, since both

residues are highly conserved across Subgroup IA, IB and II CMV strains (Figure 4.1).

Cucumoviral 2b proteins contain sequences that respectively control their localisation in host
cell nuclei and their ability to dimerize (Gonzalez et al., 2010; Xu et al., 2013) (Figure 4.1). To
examine the localisation pattern of 2b proteins, sequences encoding RFP were fused to the C-
termini of the 2b protein and inserted into T-DNA constructs for transient expression in leaves
of N. benthamiana plants. Consistent with previous localisation and fractionation studies, the
LS-CMV 2b protein was most highly concentrated in the nucleus, while the Fny-CMV 2b
protein was abundant not only in the nucleus but also across the cytoplasm and cytoskeleton
(Figure 4.2A) (Mayers et al., 2000; Gonzalez et al., 2010). Ho-CMV 2b protein accumulation
was not restricted to the nucleus but a greater proportion accumulated there compared to the

distribution of the Fny-CMV 2b protein (Figure 4.2A).
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To examine the localisation pattern of self-interacting 2b proteins, sequences encoding N- and
C-terminal split YFP sequences fused to the C-termini of the 2b protein were inserted into T-
DNA constructs and transiently expressed in leaves of N. benthamiana plants. BiFC was used
to detect the formation of 2b protein homodimers (Figure 4.2B). I observed that the Fny-CMV
2b protein formed dimers which is consistent with previous work (Chen et al., 2008; Gonzalez
etal., 2010; Xu et al., 2013). I also showed that 2b proteins from Ho-CMV and LS-CMV were
able to homodimerize (Figure 4.2B). To our knowledge, this is the first time that dimerization
has been shown for a Subgroup II CMV 2b protein. The formation of homodimers in the 2b
proteins of all three strains was expected since the leucine residue at position 55, which is
thought to control dimerization (Xu et al., 2013), is present in all three orthologs (Figure 4.1).
The localisation pattern of self-interacting sYFP-tagged 2b proteins was the same as observed
for RFP-tagged 2b proteins with Fny-CMV 2b proteins having a greater cytoplasmic presence
than 2b proteins from LS-CMV or Ho-CMV. I also showed that the Fny-CMV 2b protein was
able to form heterodimers with the LS-CMV and Ho-CMV orthologs (Figure 4.2C). The
subcellular distribution of these heterodimers was similar to that observed for homodimers of
the Fny-CMV 2b protein (Figure 4.2B). This suggests that the Fny-CMV 2b protein is
dominant over the 2b proteins of the two other strains in determining the subcellular

accumulation pattern.
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47
NLS1 NLs2 ~ KSPSE' l

(22:27) » (33.3) _domain 55
2b-Fny MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARSNLRLFRFLPFYQVDGSE-LTGSC 69
2b-Y MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARSNLRLFRFLPFYQVDGSE-LTGSC 69
2b-Ho  MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARANLRLFRFLPFYQVDGSE-LTGSC 69
Subgroup IA |2b-Ri-8 MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARSNLRLFRFLPFYQVDGSE-LTGSC 69
2b-Mf  MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARSNLRLFRFLPFYQVDGSE-LTGSS 69
2b-OSA3 MELNVGAMTNVELQLARMVEAKKKRRRSHKQNRRERGHKSPGERARSNLRLFRFLPFYQVDGSE-LTGSC 69
2b-AZ14 MELNVGAMTNVELQLARMVEAKKQRRRSHKQNRRERGHKSPSERARSNLRLFRFLPFYQVDGSE-LTGSX 69
2b-KS44 MELNEGAMTNVELQLARMMEVRRQRRKSHKKNRRERGHKSPSERARSNLRLFRFLPFYQIDGSE-LIEMY 69
Subgroup IB |2b-PI-1  MELNEGAVTNVELQLARMVEVKRQRRRSHMKNRRERGHKSPSERARSNLRLFRFLPFYQVDGPE-LIEL- 68
2b-30RS MELNVGAMTNVELQLARMMEVRRQRRKSHKKNRRERGHKSPSERARSNLRLFRFLPFYQIDGSE-LIEMY 69
2b-TN  MDVLTVVVSTADLHLAHLQEVKRRRRRSHVRNRRARGYKSPSERARSIARFFQMLPFHGVDPVDWEPDVV 70
Subgroup Il |2b-LS ~ MDVLTVVVSTADLHLANLQEVKRRRRRSHVRNRRARGYKSPSERARSIARLFQMLPFHGVDPVDWFPDVV 70
2b-Q MDVLTVVVSTADLHLAHLQEVKRRRRRSHVRNRRARGYKSPSERARSIARLFQMLPFHGVDPVDWFPDVV 70

72 80 106
ﬂ NES
(77-87)

2b-Fny RHVNVAELPESEASRLELSA-EDHDFDDTDWFAGNEWAEGAF-- 110
2b-Y RHANVAESPEPEASRLELSA-EDHDFDDTDWFAGNEWAEGAF-- 110
%b.Ho RHANVAELPEPEASRLELSA-EDHDFDDTDWFAGNEWVEGAF-- 110
Subgroup IA | 2b-Ri-8 RHVNVAELPESEASRLELSA-EDHDFDDTDWFAGNEWAEGAF-- 110

2b-Mf  RHVNVAELPEPEASRLELSA-EDHEFDDTDWFAGNEWAEGVFFF 112
2b-OSA3 RHVNVAELPESEASRLELSA-EDHDFDDTDWFAGNEWAEGAF-- 110
2b-AZ14 XHVNVAELPESEASRLELSA-EDHDFDDTDWFAGNEWAEGAF-- 110 * Phosphorylated serine residues
2b-KS44 HHASVVELSESEAPRFTLPAEEDHDFDDTDWFAGNEWAEGAF-- 111
Subgroup 1B | 2b-P-1  HHVNMVELSESEAPRLSLLVEEDHDFDDTDWFAGNEWAEGSF -~ 110
2b-30RS HHASVVELSESEAPRFTLPAEEDHDFDDTDWFAGNEWAEGAF-- 111

2b-TN RSPSVTSLVSYES-------=-==-- FDDTDWFAGNEWAEGSF-- 100
Subgroup I 2b-LS RSPSVTSLVSYES-------=-=-=-=-~ FDDTDWFAGNEWAEGSF-- 100
2b-Q RSPSVTSLVSYES------------ FDDTDWFAGNEWAEGSF-- 100

Figure 4.1. The 2b proteins encoded by strains of CMV from Subgroups IA, IB and II
highlighting distinct differences exhibited by the Ho-CMYV 2b protein. The Fny-CMV 2b
protein sequence is given as a reference to compare with 2b protein sequences from a small
number of other CMV strains to highlight certain differences and similarities between 2b
proteins of viruses in Subgroups IA, IB and II. The nuclear localisation sites (NLS1 and
NLS2), nuclear export site (NES), self-interaction site (residue 55) are over-lined, known
phosphorylation sites (including the ‘KSPSE domain’) are indicated with asterisks, while
differences between the Ho-CMV 2b protein sequence and that of the Fny-CMV 2b protein are
indicated by white arrows at residues where there is variation between different strains
(residues 72 and 80) and with solid arrows at residues where there is normally strong inter-
strain conservation (residues 47 and 106). Differences in 2b protein primary sequences between
the Fny-CMV and other strains are highlighted in grey. The numbering of amino acid residues
is based on the Fny-CMV 2b protein sequence. The GenBank accession numbers for the
sequences used in this alignment are NC002035 for Fny-CMV (2b-Fny), D12538 for Y-CMV
(2b-Y), LC593245 for Ho-CMV (2b-Ho), AM 183118 for RI-8-CMV (2b-RI-8), AJ276480 for
M{-CMV (2b-Mf), HE971489 for OSA3-CMV (2b-OSA3), QBH72281 for AZ14-CMV (2b-
AZ14), CBG76802 for KS44-CMV (2b-KS44), CAJ65577 for PI-1-CMV (2b-PI-1),
FN552601 for 30RS-CMV (2b-30RS), BAD15371 for TN-CMV (2b-TN), AF416900 for LS-
CMYV (2b-LS) and Q66125 for Q-CMV (2b-Q). Modified from Figure 1.2.
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A Fny 2b-RFP Ho 2b-RFP LS 2b-RFP

»0 pmo0

B Fny 2b-YFPn + Fny 2b-YFPc Ho 2b-YFPn + Ho 2b-YFPc LS 2b-YFPn + LS 2b-YFPc

Ho 2b-YFPn + LS 2b-YFPc

Figure 4.2. Subcellular localisation of cucumber mosaic virus 2b proteins from different
CMVY strains. A. Agroinfiltration was used for transient expression in N. benthamiana leaves
of C-terminal red fluorescent protein (RFP)-2b fusion protein derived from the 2b proteins of
Fny-CMV (Fny 2b-RFP), LS-CMV (LS 2b-RFP), or Ho-CMV (Ho 2b-RFP). B. Bimolecular
fluorescence complementation was used to compare the self-interaction properties of the 2b
proteins of Fny-CMV, LS-CMV, and Ho-CMV, using fusion proteins with the N- and C-
terminal domains of the yellow fluorescent protein (2b-YFPn and 2b-YFPc). The 2b proteins
of all three strains formed homodimers in vivo, indicated by yellow fluorescence. The
intracellular distributions of these homodimers were consistent with those seen in panel A for
2b-RFP proteins and show a greater proportion of the Fny-2b protein being present in the
cytoplasm. C. Bimolecular fluorescence complementation showed that the 2b proteins of Fny-
CMV, LS-CMV, and Ho-CMV were capable of heterodimerization. When 2b-YFPc proteins
derived from LS-CMV or Ho-CMV were co-expressed with 2b-YFPn derived from Fny-CMV
strain, fluorescence was visible in the cytoplasm as well as the nucleus. This suggests that the
localisation behaviour of the Fny-CMV 2b protein is dominant over that for LS-CMV 2b and
Ho-CMYV 2b proteins.
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4.2.2 The Ho-CMYV and Fny-CMYV 2b proteins confer a stronger RNA silencing

suppressor activity than the LS-CMYV 2b protein

To assess the ability of the CMV 2b protein to act as a VSR and suppress silencing of
transgenes, N. benthamiana plants were co-agroinfiltrated with constructs encoding free GFP
under control of the CaMV 35S promoter and constructs encoding LS-CMV 2b proteins, Ho-
CMV 2b proteins or Fny-CMV 2b proteins. The leaves were imaged after 16 d and the intensity
of fluorescence derived from the free GFP constructs was assessed using ImageJ (Figure 4.3).
These results showed that the 2b proteins from all three strains of CMV acted as effective VSRs
but that the 2b proteins encoded by Fny-CMV and Ho-CMV were significantly more efficient

at suppressing RNA silencing than the 2b protein encoded by LS-CMV.

4.2.3 The interaction of CMV 2b and 1a proteins is Subgroup-specific

Since the Fny-CMV 1la and 2b proteins physically interact (Watt et al., 2020), I was curious to
find out if this is conserved for other CMV strains. Constructs encoding the Fny-CMV 1la
protein, C-terminally fused with either GFP or RFP sequences, and GFP-fused or RFP-fused
2b proteins were introduced into patches of N. benthamiana leaf tissue using agroinfiltration
and their subcellular localisation was imaged (Figure 4.4). Consistent with previous work, the
localisation of the Fny-CMV 2b protein in the nucleus and cytoplasm (Figure 4.2) was altered
so that a proportion was re-localised to co-accumulate with the 1a protein in P-bodies (Figure
4.4) (Watt et al., 2020). In contrast, the predominantly nuclear localisation of LS-CMV 2b
protein (Figure 4.2) was unaffected by co-expression with the Fny-CMV 1a protein (Figure
4.4). Only a small proportion of Ho-CMV 2b protein co-localised with the Fny-CMV 1a protein

in P-bodies (Figure 4.4).
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Figure 4.3. The Fny-CMYV 2b protein and Ho-CMYV 2b protein are stronger suppressors
of RNA silencing than the LS-CMYV 2b protein. N. benthamiana leaves were co-infiltrated
with constructs expressing green fluorescent protein (GFP) and constructs expressing Fny-
CMV 2b, Ho-CMV 2b, LS-CMV 2b or P19 proteins. After 16 days, leaves were imaged under
a fluorescent microscope and the intensity of GFP fluorescence was quantified as the integrated
density. A. Co-infiltration of GFP with all three CMV 2b proteins was seen to increase the
intensity of fluorescence but the increase was not as dramatic for leaves expressing LS-CMV
2b protein as for those expressing with the 2b protein from Fny-CMV or Ho-CMV. Statistical
significance of differences between groups was tested by ANOVA followed by Tukey’s HSD
post hoc test and groups with a P value of less than 0.05 are indicated by lowercase letters. At
least 15 leaves were imaged for each treatment. B. Typical confocal images of GFP
fluorescence in the presence of Fny-CMV 2b, Ho-CMV 2b, LS-CMV 2b and P19.
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Co-localisation experiments suggested that a direct interaction between the Fny-CMV la
protein and the LS-CMYV 2b protein was unlikely but did not rule out a heterologous interaction
between the Fny-CMV 1a protein and the Ho-CMV 2b protein (Figure 4.4). The possibility of
intermolecular interactions between the Fny-CMV 1a protein and the 2b proteins of LS-CMV
and Ho-CMV were investigated directly using BiFC (Figure 4.5) and co-immunoprecipitation
assays (Figure 4.6). For BiFC assays, T-DNA constructs encoding fusion proteins of the N- or
C-terminal portions of YFP (sYFPn and sYFPc, respectively) with the respective 2b proteins
and the Fny-CMYV 1la protein were transiently expressed in N. benthamiana (Figure 4.5). This
confirmed that the Fny-CMYV 1a and 2b proteins interact in planta but no interaction between
the 2b protein of LS-CMV with the Fny-CMV 1a protein was detectable (Figure 4.5A).
However, BiFC assays indicated that the 2b protein of Ho-CMV can interact with Fny-CMV
la protein (Figure 4.5A). Interestingly, BiFC analyses showed that while the 2b protein of Fny-
CMV can localise with and directly interact with both the Fny- and LS-CMV 1a proteins, the

LS-CMV 2b protein does not interact with either of these CMV 1a proteins (Figure 4.5B).

Co-immunoprecipitation assays confirmed that physical interactions occur between the Fny-
CMYV la protein and the 2b protein of Fny-CMV or Ho-CMYV but not that of LS-CMV (Figure
4.6). Transiently expressed GFP-tagged Fny-CMYV 1a protein in the presence or absence of 2b-
RFP fusion proteins derived from Fny-CMV, LS-CMV or Ho-CMV was immunoprecipitated
from leaf homogenates using anti-RFP agarose magnetic beads and analysed by western
blotting using anti-GFP antibodies to detect any 2b proteins complexed with the Fny-CMV 1la
protein. The Fny-CMV 1a protein-GFP fusion co-immunoprecipitated with the RFP-tagged
2b protein from Fny-CMV or Ho-CMV but not with the RFP-tagged LS-CMV 2b protein

(Figure 4.6), in line with results from the BiFC assays (Figure 4.5).
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Figure 4.4. Subcellular localisation of the 2b proteins of three cucumber mosaic virus
strains and the Fny-CMYV 1a protein. Using agroinfiltration, C-terminal RFP or GFP fusion
proteins derived from the 2b proteins of Fny-CMV (Fny 2b-RFP), LS-CMV (LS 2b-GFP), or
Ho-CMYV (Ho 2b-RFP), and the Fny-CMV 1a protein (Fny 1a-GFP or Fny 1a-RFP) were co-
expressed in N. benthamiana leaves in the combinations shown. Fluorescent signals were
imaged using confocal scanning laser microscopy. Fny 2b-RFP accumulated in the nucleus and
cytoplasm, with a proportion co-localising with the 1a-GFP (merged signal shown as yellow),
consistent with previous results (Watt et al., 2020). The LS 2b-GFP protein accumulated in the
nucleus with no detectable co-localisation with 1a-RFP. Ho 2b-RFP protein accumulated in the
nucleus, with a small portion weakly co-localising with the 1a-GFP signal in cytoplasmic foci
(in merged signal shown as yellow).

71



A Fny 2b-YFPc + Fny 1a-YFPn LS 2b-YFPc + Fny 1a-YFPn Ho 2b-YFPc + Fny 1a-YFPn

0 um 250

LS 2b-YFPc + LS 1a-YFPn Fny 2b-YFPc + LS 1a-YFPn Ho 2b-YFPc + LS 1a-YFPn

Figure 4.5. Interactions of the Fny-CMV, LS-CMYV and Ho-CMYV 2b proteins with the 1a
proteins of Fny-CMYV and LS-CMYV. The 2b protein orthologs of Fny-CMV, LS-CMV and
Ho-CMV were fused at their C-termini with the C-terminal domain of split yellow fluorescent
protein (respectively: Fny 2b-YFPc; LS 2b-YFPc, and Ho 2b-YFPc). Using agroinfiltration in
N. benthamiana leaves, these fusion proteins were co-expressed with YFP N-proximal domain
fusion proteins with the la proteins of Fny-CMV (Fny la-YFPn) (A) or LS-CMV (LS la-
YFPn) (B). Direct protein-protein interactions in vivo were revealed by bimolecular
fluorescence complementation and resulting fluorescence imaged by confocal laser scanning
microscopy. The data show that LS-CMV 2b protein does not physically interact with either
the LS-CMV or Fny-CMV la proteins, whereas the 2b proteins of Fny-CMV and Ho-CMV
can interact with both 1a orthologs.
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Figure 4.6. Interactions of the cucumber mosaic virus la protein with 2b protein
orthologs in planta examined by co-immunoprecipitation. Proteins were transiently
expressed in N. benthamiana leaf tissue using agroinfiltration. 4. tumefaciens cells carried T-
DNAs designed to express a fusion protein of green fluorescent protein and the CMV 1a protein
(GFP-1a) mixed with cells carrying T-DNA vectors encoding 2b-RFP fusion proteins
engineered from the respective 2b orthologs of Fny-CMV (Fny 2b-RFP), LS-CMV (LS 2b-
RFP) and Ho-CMV (Ho 2b-RFP). Total protein was extracted from leaf samples and subjected
to immunoprecipitation with RFP-Trap beads (IP:RFP) followed by immunoblot analysis with
anti-GFP antibodies to detect GFP-1a fusion proteins. GFP-1a was detected in all input samples
with a corresponding band of approximately 138kDa. However, following RFP-pull down,
GFP-1a could only be detected when co-expressed with the RFP tagged version of 2b from the
Fny or Ho strain of CMV and not the LS strain version. The original blots used to make the
composite image are shown in Appendix II.
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4.2.4 CMV strain-specific differences in 2b-AGO1 interactions

The Fny-CMV 2b protein interacts with AGO1 (Zhang et al., 2006; Gonzalez et al., 2010), but
it was less clear if 2b proteins from Subgroup II strains, such as the identical 2b proteins
encoded by LS-CMV and Q-CMYV, also interact with this factor. Zhang and colleagues (2006)
commented on data (which were not shown in that publication) indicating an interaction
between the Q-CMV 2b protein and AGO1 but, to our knowledge, the results were not
published. To definitively demonstrate whether or not 2b proteins from Subgroup II strains can
interact with AGO1, constructs encoding RFP or GFP sequences fused to 2b protein coding
sequences from Fny-CMV, LS-CMV or Ho-CMV were transiently co-expressed with
corresponding GFP- or RFP-AGO fusion proteins in N. benthamiana leaf tissue. Confocal laser
scanning microscopy revealed that the AGO1 protein co-localised with the Fny-CMV, Ho-
CMV and LS-CMYV 2b proteins (Figure 4.7). BiFC was used to assess interactions between
AGOL1 and the 2b proteins and it was apparent that the Fny-CMV, Ho-CMV and LS-CMV 2b
proteins all interacted with AGO1 (Figure 4.8A). This interaction appeared to occur in the
nucleus for all three 2b proteins, but for the Fny-CMV 2b protein, an interaction with AGO1
was more apparent in other parts of the cell than for the 2b proteins of LS-CMV and Ho-CMV
(Figure 4.8A, B). Co-immunoprecipitation confirmed that AGO1 interacts with 2b proteins of

Fny-CMV, Ho-CMV, and LS-CMV (Figure 4.9).
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Fny 2b-RFP +
AGO1-GFP

LS 2b-RFP +
AGO1-GFP

Ho 2b-RFP +
AGO1-GFP

Figure 4.7. Subcellular localisation patterns of Argonaute 1 and the 2b proteins of three
cucumber mosaic virus strains. C-terminal RFP fusions of the Fny-CMV (Fny 2b-RFP), LS-
CMV (LS 2b-RFP) and Ho-CMV 2b (Ho 2b-RFP) proteins were co-expressed with an
Argonaute 1-GFP fusion protein (AGO1-GFP) in N. benthamiana leaves using agroinfiltration.
Fluorescence was imaged by confocal scanning laser microscopy: a yellow signal in the
merged channel indicates co-localisation of RFP and GFP signals. A portion of the Fny 2b-
RFP signal co-localised with the AGO1-GFP signal in the nucleus, cytoplasm and at
cytoplasmic foci relating to P-bodies (Chapter 3). LS 2b-RFP accumulated in the nucleus where
it co-localised with nuclear-localised AGO1-GFP. Ho 2b-RFP showed an intermediate
localisation pattern accumulating in the nucleus and also throughout the cytoplasm.
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Fny 2b-YFPc + AGO1-YFPn  Ho 2b-YFPc + AGO1-YFPn LS 2b-YFPc + AGO1-YFPn

Fny 2b-YFPc +
AGO1-YFPn

Ho 2b-YFPc +
AGO1-YFPn

LS 2b-YFPc +
AGO1-YFPn

Figure 4.8. Argonaute 1 interacts not only with the 2b protein of Fny-CMYV but also with
the 2b orthologs of LS-CMYV and Ho-CMYV. The 2b proteins encoded by the Fny, LS and Ho
strains of CMV were fused at their C-termini with the C-terminal domain of split yellow
fluorescent protein (respectively indicated by: Fny 2b-YFPc; LS 2b-YFPc, and Ho 2b-YFPc).
Using agroinfiltration these fusion proteins were co-expressed with the Argonaute 1 protein-
yellow fluorescent protein N-proximal domain fusion protein (AGOI1-YFPn) in N.
benthamiana leaves. Direct protein-protein interactions in vivo were revealed by bimolecular
fluorescence complementation and imaged by confocal laser scanning microscopy. A.
Fluorescence indicated that direct interactions occurred between AGO1-YFPn and 2b-YFPc
fusion proteins derived from the 2b orthologs of Fny-CMV, LS-CMV and Ho-CMV. B. The
DNA marker DAPI was used to highlight cell nuclei. Imaging confirmed that 2b-AGO1
complexes strongly localised to nuclei but in the case of the Fny-CMV 2b protein there was
also easily observable accumulation of 2b-AGO1 complexes in the cytoplasm.
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Figure 4.9. The A. thaliana Argonaute 1 protein interacts with the 2b proteins of Fny-
CMV, Ho-CMV and LS-CMV in planta. Proteins were transiently expressed in N.
benthamiana leaf tissue using agroinfiltration with cells carrying T-DNAs expressing a GFP-
AGOI1 fusion protein together with cells containing T-DNAs encoding RFP-tagged CMV 2b
protein orthologs. For co-immunoprecipitation total protein was extracted from leaf samples
and subjected to immunoprecipitation with GFP-Trap beads followed by immunoblot analysis
(IP:GFP). For all samples, 2b-RFP was detected in input samples with a corresponding band
of approximately 44kDa. Following GFP-pull down, 2b-RFP fusion proteins engineered from
the respective 2b orthologs of Fny-CMV (Fny 2b-RFP), Ho-CMV (Ho 2b-RFP) and LS-CMV
(LS 2b-RFP) were detected with anti-RFP antibodies. Original blots used to make composite
image are shown in Appendix II.
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4.2.5 The Fny-CMYV 2b protein inhibits AGO1 activity more strongly than the 2b proteins

encoded by either LS-CMYV or Ho-CMV

AGOI1 negatively regulates the accumulation of AGO2 via miR403-directed cleavage of the
AGO2 mRNA (Allen et al., 2005; Lobbes et al., 2006). Therefore, inhibition of AGO1 activity
by the Fny-CMV 2b protein results in an increase in the steady state level of AGO2 mRNA
(Harvey et al., 2011). AGO?2 transcript accumulation was assessed using RT-qPCR as a
measure of the inhibitory effects of the 2b proteins on AGO1 activity. The assays used primers
specific for NbAGO?2 and for three N. benthamiana housekeeping transcripts (F-BOX, PP2A
and L23) (Figure 4.10). NbAGO? transcript accumulation was consistently increased by
between four- and six-fold in agroinfiltrated leaf patches expressing the Fny-CMV 2b protein.
Transient expression of the 2b proteins from either LS-CMV or Ho-CMV consistently
increased NbAGO?2 accumulation between two and three-fold, but this is markedly less than

the increase engendered by the Fny-CMV 2b protein (Figure 4.10).
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Figure 4.10. AGO2 expression increases following transient expression of CMV 2b
proteins. Relative levels of NbAGO?2 expression, detected by RT-qPCR in N. benthamiana
leaves transiently expressing 2b proteins from Fny-CMV, Ho-CMV, or LS-CMV. AGO?2
expression was measured relative to the levels of three N. benthamiana housekeeping gene
transcripts (L23, PP2A4 and F-BOX). AGO?2 transcript accumulation was elevated by all CMV
2b protein orthologs, and highest in tissues expressing the Fny-CMV 2b protein. Mock
indicates tissue agroinfiltrated with A. tumefaciens cells carrying a control ‘empty’ T-DNA.
Error bars represent standard error around the mean for three technical replicates. Different
lowercase letters indicate statistically significant (p < 0.05) differences in AGO2 transcript
accumulation (analysis of variance and Tukey's post hoc test). Results show data from six
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4.3 Discussion

4.3.1 The relatively lower proportion of Ho-CMV 2b protein that accumulates in the

cytoplasm may account for its atypical properties

I found marked differences in the intracellular distributions of three CMV 2b proteins that may
explain their different abilities to interact with other factors (such as host AGOI1 proteins) or
that may be related to symptom induction during CMV infection (although this was not directly
investigated in this study). The 2b protein of the Subgroup II strain LS-CMV occurs mainly in
the nucleus, while the 2b protein from the Subgroup IA Fny-CMV accumulates in the
cytoplasm as well as the nucleus. I found that the distribution between the nucleus and
cytoplasm of the 2b protein from Subgroup IA Ho-CMV was intermediate between that of LS-
CMYV and Fny-CMV. However, although the Ho-CMV 2b protein accumulated in both cellular
compartments (like Subgroup IA Fny-CMV), a greater proportion partitioned into the nucleus

(reminiscent of the distribution of the Subgroup I LS-CMV 2b protein).

The VSR activity of the CMV 2b protein is mediated primarily in the cytoplasm (Lewsey et
al., 2009; Du et al., 2014a). However, I found no difference in the VSR activities of the 2b
proteins encoded by Ho-CMV and Fny-CMV (Figure 4.3). This suggests that while there may
be a decreased proportion of Ho-CMV 2b protein in the cytoplasm it is still present in sufficient

amounts to interact with siRNA and mediate its VSR function.

4.3.2 Limited interaction of the Ho-CMV and LS-CMYV 2b proteins with cytoplasmic
AGO1 may explain why they disrupt miRNA-regulated gene expression less than the

Fny-CMYV 2b protein

I found that the reconstituted Ho-CMV 2b protein interacted directly with AGO1 and interfered
with its ability to suppress AGO2 RNA accumulation. This contradicts a previous suggestion

that this 2b protein is unable to co-precipitate AGO1 (Takahashi et al., 2022) although these
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results were not published in the main body of the paper and were not complimented by BiFC
analysis. Another surprising finding was that the 2b protein of the Subgroup II strain LS-CMV
interacted directly with AGO1 and inhibited AGOI1 activity, as indicated by co-localisation
studies and increased steady-state accumulation of AGO2 mRNA, respectively. Most previous
studies on the interactions of 2b proteins of Subgroup II CMYV strains such as LS or Q, which
have identical amino acid sequences (Mayers et al., 2000), suggest that they have little or no
effect on miRNA-regulated changes in gene expression (Chapman et al., 2004; Zhang et al.,
2006; Lewsey et al., 2007). This was thought to indicate an inability of LS 2b to inhibit AGO1
due to either a lack of binding site (Lewsey et al., 2007) or reduced stability of the LS-2b
protein in vivo (Zhang et al., 2006). Neither of the 2b proteins from LS-CMV or Ho-CMV
inhibit the negative regulation by AGO1 of AGO2 mRNA accumulation to the same magnitude
as the Fny-CMV 2b protein. Imaging indicates that although the LS-CMV and Ho-CMV 2b
proteins interact with AGOI1, they do so predominantly with AGOI1 that is present in the
nucleus. A possible interpretation of my results is that nuclear-localised AGO1 has a lesser role

in miRNA-mediated regulation of RNA accumulation (see Section 7.5 for further discussion).

The relative importance of the four amino acid differences between Ho-CMV and Fny-CMV
2b sequences in mediating the observed differences in localisation of the 2b-AGO1 complex
remain to be investigated. However, it is worth noting that certain of the differences between
the amino acid sequences of the Ho-CMV 2b and the 2b proteins of other Subgroup IA strains
(Fny-CMV and Y-CMV) are substitutions of serine with other amino acids (Figure 4.1). The
Fny-CMV 2b sequence encodes serine residues at position 47 and 80 and the Y-CMV 2b
sequence encodes serine residues at position 47 and 77 but in Ho-CMV 2b these residues are
replaced with alanine, leucine and proline residues (A47, L77 and P80). This may be significant
since the phosphorylation status of the CMV 2b protein has been shown to control

nuclear/cytoplasmic partitioning (Nemes et al., 2017; Kim et al., 2022). Additionally, the L77
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and P80 substitutions lie within the newly characterized nuclear export sequence (NES)
between residues 77-87 (Kim et al., 2022). It has not been confirmed that these serine residues
can be phosphorylated, or play roles in 2b protein localisation, however, the differences
between Ho-CMV 2b protein and orthologs of other Subgroup IA CMYV strains suggests a
potential explanation for differences in localisation and perhaps other properties of the Ho-

CMYV 2b protein.

Section 4.3.3 Limitations and future directions

While differences in phosphorylation status of the Ho-CMV 2b protein are a possible
explanation for its increased nuclear localisation, it has not been confirmed whether the serine
residues that Ho-CMYV lacks can be phosphorylated or play roles in 2b protein localisation.
Future work should test the role of the S47 residue in Fny-CMV 2b by swapping it with alanine
to see if nuclear localisation is increased. Similarly, the role of phosphorylation on residue S47
could be tested by swapping it with aspartic acid (which is phosphomimetic of phosphorylated
serine). Additionally, nuclear and cytoplasmic protein extraction followed by Western blot
analysis could be performed to support the observations made in Figures 4.2 and 4.8 using
fluorescence microscopy and confirm that differences in expression levels do not account for

differences in observed localisation patterns.

The addition of an additional NLS to the Fny-CMV 2b protein or additional NES signals to the
Ho-CMV and LS-CMV 2b proteins would provide strong evidence for the importance of
nuclear localisation in mediating the differences between these proteins. These mutant proteins
could then be tested for differences in the levels of AGO2 upregulation caused following their
expression. Finally, it would be interesting to investigate the variable multi-banding pattern
seen for the CMV 2b protein in Figure 4.6. While this may be explained by its intrinsic disorder

(Chapter 6) it may also indicate the protein is being degraded or posttranslationally modified.
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Chapter 5. Investigating the interactions of the cucumber
mosaic virus 2b protein with the viral la replicase
component and with the cellular silencing factor
Argonaute 1.

5.1 Introduction

The multifunctional CMV 2b protein suppresses antiviral RNA silencing by binding to
siRNAs, and it also inhibits miRNA-directed cleavage of host transcripts by AGO1-mediated
regulation of mRNA translation, and AGO4-mediated effects on plant genomic DNA
methylation (reviewed in Carr and Murphy, 2019). The CMV 2b protein also inhibits plant
defensive signalling pathways regulated by the phytohormones jasmonic acid and salicylic
acid, and it influences interactions between host plants and the aphid vectors of CMV (Carr
and Murphy, 2019). In 4. thaliana the inhibitory effect of the 2b protein on miRNA-directed
AGOL1 activity is mediated by a direct physical interaction between the two proteins (Zhang
et al., 2006; Gonzalez et al., 2010). The extent to which AGOI1 activity is inhibited differs
between 2b proteins encoded by CMV strains belonging to different Subgroups, with 2b
proteins of Subgroup II strains having a weaker inhibitory effect on miRNA -directed mRNA
cleavage than orthologs encoded by most Subgroup IA and IB CMV strains (Zhang et al.,
2006; Lewsey et al., 2007). However, my own work suggests that this is not due to an inability
of Subgroup II CMV 2b protein orthologs to form 2b-AGO1 complexes; rather, it is due to
differences in intracellular localisation. Specifically, AGO1-2b complexes for Subgroup II
orthologs (such as the 2b protein encoded by LS-CMV) accumulate almost exclusively in
nuclei, but for Subgroup IA and IB 2b orthologs these complexes also occur in the cytoplasm,
consistent with the localisation of the pool of AGO1 molecules mediating miRNA-mediated

mRNA cleavage (Chapter 4).
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The more efficient inhibition of AGO1-mediated mRNA cleavage by 2b protein orthologs
encoded by Subgroup IA or IB CMYV strains helps explain why these strains generally induce
more severe symptoms than strains belonging to Subgroup 11 (Lewsey et al., 2007, 2009; Du
et al., 2014). However, unrestricted binding of the 2b protein to AGO1 can trigger effects that
are directly or indirectly deleterious to the virus. For example, in 4. thaliana the inhibition of
miR403-directed cleavage of AGO2 mRNA, leads to increased AGO2 protein synthesis, which
fosters an increase in RNA silencing-mediated resistance against CMV (Harvey et al., 2011).
Additionally, the inhibition of AGO1 activity by the 2b protein can induce strong resistance
against aphid vectors (Westwood et al., 2013). During infection both effects are circumvented
by the intervention of the CMV 1a protein. This viral protein can bind to and re-localise 2b
protein molecules to P-bodies, which decreases the proportion of 2b protein molecules

available for 2b-AGO1 complex formation (Chapter 3; Watt et al., 2020).

Despite its important consequences for the success of CMV infection and for vector-mediated
transmission of the virus, the interaction between the 2b protein and AGO1 is not understood
in detail. For example, whereas specific amino acid residues involved in dsSRNA binding and
RNA silencing suppression, or intracellular localisation have been definitively characterised
(reviewed by Carr and Murphy, 2019), no specific 2b protein residues have been shown to be
indispensable for the CMV 2b protein-AGO1 interaction to occur. Furthermore, it is unknown
if specific 2b protein residue(s) are responsible for interaction with the CMV 1a protein, or if

the same amino acids are involved in 2b-AGO1 complex formation.

Early studies which revealed, using site-directed mutagenesis, several functional domains in
the 2b protein of the Subgroup IA strain Fny-CMV, including those responsible for nuclear
localisation, protein phosphorylation, RNA binding and RNA silencing suppression, did not

find a residue or domain for binding to AGO1 or to AGO4 (Gonzélez et al., 2010, 2012)
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(Figure 5.1A; Figure 1.3). A subsequent study using the SD-CMV 2b protein employed a
strategy of larger scale deletions which led to certain regions of the 2b protein being ruled out
as being important in AGO1 binding and it was inferred that the sequence or sequences
responsible for the 2b-AGO1 physical interaction most likely lay somewhere in a broad region
spanning residues 38 and 94 (Duan et al., 2012) (Figure 5.1A; 1.3). However, there appear to
be no published reports of specific AGO1-binding residues or discrete sequence domains that
have been pinpointed. In this study, I set out to identify sequences within the 2b protein that

enable it to interact with AGO1 and with the CMV 1a protein.

5.2 Results

5.2.1 Construction of 2b protein deletion mutants

To test the importance of different sequences of the Fny-CMV 2b protein in interactions with
the CMV la protein and with AGOI1, a series of cDNA clones encoding mutant versions of
the protein were generated, in which regions with already known or currently unknown
biological functions were deleted (Figure 5.1B). These included reconstruction of previously
examined protein variants truncated in the N-terminal 17 (2b*!'7) or the C-terminal 16 (2b*%>
110y amino acids (Lewsey et al., 2009), deletion of 55 N-terminal amino acids (2b*!-3%), as well
as mutants encoding 2b variants with more extensive deletions starting from the C-terminus.
These were deletions of 26 (2b283-110) 28 (2bA83-110) 37 (2pA74-110) 42 (2bA6%-119) 46 (2bA65-
110y 50 (2b261-119) or 55 (2b23¢-119) amino acids. There was a focus on deletions of the C-
terminal/proximal sequences since I initially hypothesised that the C-terminal domain of the
2b protein might be involved in its interaction with the CMV 1a protein. The rationale for this
was that the interaction between the CMV 1a and CMV 2b proteins ameliorates the 2b-induced

symptom-like phenotype in transgenic plants (Westwood et al., 2013; Watt et al., 2020), and
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that the 2b protein C-terminal domain is associated with symptom severity (Lewsey et al.,

2009).

To investigate the potential roles of internal 2b protein sequences, in-frame internal deletions
of residues 83 to 93 (2b283-9%), 56 to 65 (2b*3%93), 56 to 60 (2b26-6%), and 39 to 48 (2b23%-48)
were constructed, as well as alanine substitution mutations replacing the native Fny-CMV 2b
sequence at residues 56 through 65 with ten alanine residues (2b362226%) and 56 through 60 with
five alanine residues (2b622260) Lastly, two chimeric CMV 2b proteins were generated: one in
which residues 83-93 of the Fny-CMV 2b sequence were introduced into the LS-CMV 2b
sequence (2bMSFy83-93) "and in the second two point mutations (Y58H and Q59G) into the Fny-
CMYV 2b protein sequence to recapitulate the LS-CMV 2b protein sequence between residues

56 and 60 (2bFY/LS36-60) (Figure 5.1B).
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Figure 5.1. Mutational analysis of the cucumber mosaic virus 2b protein. A. Previously
determined or inferred functional residues or domains of the 2b protein are indicated on a map
of the 110 amino acid Fny-CMV 2b ortholog. Sequences longer than one amino acid are
depicted as grey boxes: the N- and C-terminal domains; the RNA-binding domain; the KSPSE
phosphorylation sequence; the GSEL and RHV sequences, and nuclear export sequence (NES).
However, the N-terminal MEL sequence and nuclear localisation sequence (NLS) 1 and 2 are
shaded in darker grey to indicate that they overlap with the N-terminal and RNA-binding
domains, respectively. Single amino acid residues with known biological effects are indicated
by arrowheads: S28, which is an additional phosphorylation site (Kim et al., 2022); L55, which
is required for 2b self-interaction (Xu et al., 2013), and E104 which causes cytotoxicity in E.
coli due to DNA binding (Sueda et al., 2010), suggestive of a biological function. Biological
roles of sequences or residues are indicated on the left. The region spanning residues 38 to 94
of the 2b protein, inferred to contain amino acid residue(s) required for interaction with
Argonaute 1 (AGO1) is indicated by a dashed line and was proposed by Duan et al. (2012).
The map is updated from a previous iteration (Carr and Murphy, 2019) to include more recent
information (Kim et al., 2022). More details on the residues and domains listed here can be
seen in Figure 1.3. B. Deletion mutations are indicated by grey lines below the amino acid
sequences for the Fny-CMV and LS-CMV 2b proteins, while insertions or substitution
mutations are indicated above. Numbers refer to the residues of the 110 amino acid Fny-CMV
2b protein. Mutant 2b proteins truncated from the N-terminus of the first 17 (2b2!-17) or 55
(2bA1-3%) amino acids. Truncations were also made from the C-terminus, deleting 16 (2b%%3-119),
26 (ZbASS-IIO)’ 28 (2bA83'110), 37 (2bA74'110), 42 (2bA69'110), 46 (2bA65'110), 50 (2bA61'110), and 55
(2b2%6-110) amino acids. In-frame internal deletions were also made between residues 83 to 93
(2b283-93), 56 to 65 (2b236-6%), 56 to 60 (2b23¢Y), and 39 to 48 (2b*34¥). Alanine substitution
mutations were also made to replace the Fny-CMV 2b sequence from residues 56 to 65 with
ten alanine residues (2b%%236%) and residues 56 to 60 with five alanine residues (2b622260) Two
chimeric 2b proteins were generated. In 2bFY/ES36-60 the mutations Y58H and Q359G were

87



introduced into the Fny-CMV 2b sequence to recapitulate the sequence of the LS-CMV 2b
ortholog between residues 56 and 60. The chimeric protein 2bLSFw83-93 wag created by
introducing residues 83-93 from the Fny-CMV 2b protein into the LS-CMV 2b protein
background. Note that the wild-type LS-CMV 2b protein does not contain a corresponding
sequence.
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5.2.2 Residues 56-60 of the Fny-CMYV 2b protein are required for interaction with the

CMVYV 1a protein

Complex formation between the 1a and 2b proteins of Fny-CMV causes the bound 2b protein
be re-localised into P-bodies (Chapter 3; Watt et al., 2020). Monitoring whether this change
in localisation occurred was used as an initial means to assess whether mutant 2b proteins had
lost the ability to interact with the Fny-CMV 1a protein. Confocal laser scanning microscopy
was used to examine the distribution of 2b-derived and la-derived C-terminal RFP and GFP

fusion proteins.

Deletion of the 17 N-terminal or 15 C-terminal residues did not abolish co-localisation of the
Fny-CMV 2b protein with the Fny-CMV 1a protein (Figure 5.2), although the C-terminal
deletion caused an apparent decrease in the proportion of 2b protein co-localising with the la
protein (Figure 5.3). More extensive deletions (of residues 85 to 110, and 56 to 110, which
bisected the 2b protein), as well as in-frame deletions of residues 83 to 93 and 56 to 60, resulted
in abolition of co-localisation with the 1a protein (Figure 5.2). Replacement of residues 56-60
with alanine (mutant 2b3622260) also abolished co-localisation with the CMV 1a protein, whilst
replacement of residues 56-60 of the Fny-CMV 2b with the corresponding sequence from the
LS-CMV 2b protein did not completely abolish co-localisation with the CMV 1a protein. This
was puzzling since my previous results show that LS-CMV 2b protein is unable to interact

with the Fny-CMV 1a protein (Chapter 4).

The region between residues 83-93 in the Fny-CMV 2b protein has no equivalent sequence in
the LS-CMYV 2b protein (Figure 5.1; Figure 1.2). Thus, I hypothesised that this sequence or
residues lying within it might govern the interaction of the Fny-CMYV 2b protein with the Fny-
CMV la protein. However, the chimeric 2b'SF83-93 protein created by insertion of these

amino acids into the LS-CMV 2b protein backbone showed no co-localisation with the Fny-
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CMV la protein (Figure 5.2). This indicates that residues 83-93 of the Fny-CMV 2b protein

do not facilitate 2b-1a complex formation.

To authenticate that observed decreases in, or abolition of, co-localisation between 2b-derived
and la-derived C-terminal RFP and GFP fusion proteins reflected genuine losses of direct
interactions BiFC assays were carried out. To facilitate this, N- and C-terminal domains of
YFP (YFPn or YFPc) were fused to the C-termini of mutant CMV 2b proteins and wild-type
Fny-CMV 1a protein. In contrast to the results seen for co-localisation with the 2b%#-%3 but in
agreement with the co-localisation results obtained with the chimeric 2b"SF83-93 protein
(Figure 5.2), deletion of residues 83-93 did not abolish the physical interaction between the
2b and 1a proteins, and neither did more extensive deletions of residues 83-110, 74-110 and

69-110 (Figure 5.4).

According to BiFC assays, deletion of the 2b protein residues from 61 or 65 to the C-terminal
residue 110 diminished the interaction with CMV 1la proteins and deletion of residues from
56 to 110 abolished the interaction completely (Figure 5.4). In-frame deletions of residues 56-
65 or 56-60 also abolished 1a-2b protein complex formation, as did substitution of the
authentic amino acids at positions 56 to 65 and 56 to 60 with alanine residues (respectively,
mutants 2b°622365 and 2b3622360: Figure 5.1B) (Figure 5.4). Mutation of the sequence 56 to 60
of the Fny-CMV 2b protein (PFYQV) to recapitulate the corresponding sequence of the LS-
CMV 2b protein (PFHGV) did not completely abolish the 2b-1a protein-protein interaction
(Figure 5.4). This suggests that while residues 56-60 are required for interaction with the 1a
protein, other Fny-CMV 2b sequences play some roles in facilitating the 2b-1a interaction and
the lack of these sequences in the LS-CMYV 2b protein must account for its inability to interact

with the Fny-CMV 1a protein (Section 7.4.2).
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Co-immunoprecipitation assays confirmed the importance of residues 56-60 of the Fny-CMV
2b protein in mediating complex formation with the 1a protein (Figure 5.5). In agroinfiltrated
leaves of N. benthamiana, GFP-tagged Fny-CMV 1la protein was co-expressed with RFP-
tagged Fny-CMV 2b protein mutants. RFP-tagged wild-type and mutant 2b proteins were
immunoprecipitated from leaf homogenates using magnetic agarose beads coated with anti-
RFP and analysed by immunoblotting using anti-GFP to detect Fny-CMV 1la proteins
complexed with 2b-RFP fusion proteins. The Fny-CMV la protein-GFP fusion co-
immunoprecipitated with the wild-type 2b-RFP fusion protein and the RFP tagged variant of
the chimeric 2b"SF3-60 protein but not with the RFP fusion protein variants of the 2b43%-60 or

2b3622260 mytants (Figure 5.5), in line with results from the BiFC assays (Figure 5.4).

5.2.3 The C-terminal domain of the CMYV 2b protein limits accumulation in the nucleus

The results described in this section are largely confirmatory of results previously published
in my lab on the Subgroup IA strain Fny-CMV 2b protein (Lewsey et al., 2009) and results

published by Duan et al., (2012) on the 2b protein from the Subgroup IB SD-CMV strain.

Cucumoviral 2b proteins contain sequences that control their localisation in host cell nuclei
and their ability to dimerize (Lucy et al., 2000; Mayer et al., 2000; Gonzalez et al., 2010; Xu
etal.,2013; Kim et al., 2022). C-terminal translational fusions of Fny-CMV 2b protein mutants
with GFP or RFP sequences were expressed in N. benthamiana leaves and imaged using
confocal scanning laser microscopy (Figure 5.6). Consistent with previous localisation and
fractionation studies, the un-mutated Fny-CMYV 2b protein localised to the nucleus, cytoplasm

and cytoskeleton (Figure 5.6) (Mayers et al., 2000; Gonzélez et al., 2010).
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2b-RFP + 1a-GFP 2b2117-RFP + 1a-GFP 2ba%5-110.RFP + 1a-GFP 2b485-110.RFP + 1a-GFP 2bs56-110_.RFP + 1a-GFP

2b48393.RFP + 1a-GFP  2bLSFy(®393).GFP + 1a-RFP  2b%6a3260_RFP + 1a-GFP 2b856-60.RFP + 1a-GFP

Figure 5.2. Subcellular localisation of mutant 2b proteins and the full length Fny-CMV
la protein. Using agroinfiltration, C-terminal red fluorescent protein (RFP) or green
fluorescent protein (GFP) fusion proteins derived from full length 2b proteins (WT 2b-RFP)
or 2b proteins lacking residues between 1-17, 95-110, 85-110, 56-110, 83-93, 56-60 or
substitutions LS/Fny(83-93), 56aaa60 or Fny/LS(56-60) were co-expressed with Fny-CMV la
proteins fused with RFP or GFP in N. benthamiana leaves in the combinations shown.
Fluorescent signals were imaged using confocal scanning laser microscopy. Fny 2b-RFP
accumulated in the nucleus and cytoplasm, with a proportion co-localising with the 1a-GFP
(merged signal shown as yellow), consistent with previous results (Chapter 3; Watt et al.,
2020). Deletion of the N-terminal 17 residues (1-17) in the 2b sequence or the 15 C-terminal
residues (95-110) did not disrupt the co-localisation of 2b and 1a proteins. Deletions from 83-
110, 74-110 and 56-110 all resulted in an apparent loss of co-localisation with the 1a protein.
Smaller in-frame deletions of residues 83-93 and 56-60 also both resulted in an apparent loss
of co-localisation between mutant 2b proteins and Fny-CMV 1a proteins. A full description of
the CMV 2b mutants used is given in Figure 5.1.
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Figure 5.3. The C-terminal domain of the cucumber mosaic virus 2b protein enhances its
interaction with the Fny-CMYV 1a protein. Red fluorescent protein (RFP)-tagged CMV 2b
proteins containing deletions in their N-terminal domain (RFP-2b2!"17) or C-terminal domain
(RFP-2b2%-119) were transiently co-expressed with green fluorescent protein (GFP)-tagged
Fny-CMV la or AGOI proteins in agroinfiltrated leaves of N. benthamiana. The abundance of
yellow specks in each image was quantified by calculating the number of yellow specks as a
percentage of the total specks present in the image. Individual abundance values are presented
as jitter plots with each mean value and standard error depicted as black bars. Since yellow
specks result from the overlay of GFP and RFP fluorescent signals they were used as a measure
of co-localisation between co-infiltrated GFP- and RFP-tagged proteins. A. Co-localisation
results for 1a-GFP with RFP-2b2%-110 RFP-2bA!-17 and RFP-2b. Lower case letters a and b
indicate mean values for abundance of yellow specks that are significantly different from each
other (P <0.0001: Tukey’s multiple comparison of means). Values labelled with the same letter
are not significantly different form each other. Deletion of the N-terminal domain of the 2b
protein had no significant effect on colocalisation with CMV 1a proteins. However, deletion
of the C-terminal domain of the 2b protein significantly reduced colocalisation with CMV la
proteins. B. Co-localisation results for AGO1-GFP with RFP-2bA%>-119 RFP-2bA!"17 and RFP-
2b. Lower case letters a and b indicate mean values for abundance of yellow specks that are
significantly different from each other (P <0.0001: Tukey’s multiple comparison of means).
Values labelled with the same letter are not significantly different form each other. Deletion of
the N-terminal domain of 2b had no significant effect on colocalisation with AGO1 proteins.
However, deletion of the C-terminal domain of 2b significantly reduced colocalisation with
AGOL1 proteins. Number of independent leaves imaged for each treatment, n > 3.
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2b261-110-YFPC + 1a-YFPn 2b256-10.YFPC + 1a-YFPn

2bFYLS(660.YFPC + 1a-YFPn  2bs56aaa60-YFPC + 1a-YFPn  2baS6aaasS-YFPc + 1a-YFPn

2b21-55.YFPc + 1a-YFPn

Figure 5.4. Interactions of mutant versions of the Fny-CMYV 2b protein with the Fny-
CMY 1a protein. Mutant versions of the CMV 2b protein were fused at their C-termini with
the C-terminal domain of split yellow fluorescent protein (YFP). Using agroinfiltration in M.
benthamiana leaves, these fusion proteins were co-expressed with YFP N-proximal domain
fusion proteins with the 1a protein of Fny-CMV. Direct protein-protein interactions in vivo
were revealed by bimolecular fluorescence complementation and resulting fluorescence
imaged by confocal laser scanning microscopy. The data shows that the 2b mutants lacking
residues 83-93, 74-110 and 69-110 retained their ability to interact with la proteins.
Truncations between residues 65-110 and 61-110 had progressively fewer instances of
interaction with la proteins and deletion of residues 56-110 was seen to abolish the interaction
completely. In-frame deletions between residues 56-65 or 56-60 or alanine substitutions
between these residues also resulted in no interaction between 2b and 1a proteins. However,
substitution of the Fny-CMV sequence with that of LS-CMV between residues 56-60 did not
abolish the interaction with the la protein (although the amount of 2b-la interaction was
seemingly decreased). A full description of CMV 2b mutants used is given in Figure 5.1.
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Figure 5.5. Interactions of the Fny-CMYV 1a protein with mutant versions of the CMV 2b
protein in planta examined by co-immunoprecipitation. N. benthamiana leaf tissue was co-
infiltrated with A. tumefaciens cells carrying T-DNAs designed to express a fusion protein of
green fluorescent protein and the CMV 1a protein (GFP-1a) mixed with cells carrying T-DNA
vectors encoding a fusion protein of red fluorescent protein and 2b proteins possessing either
full length sequences (2b-RFP) or mutant 2b sequences with deletions between residues 56-60
(2b236-60_RFP), alanine substitutions between residues 56-60 (2b°62220_RFP) or replacement of
the Fny-CMV 2b sequence with that of LS-CMV 2b sequence between residues 56 and 60
(2bFny/LS(56-60_RFP). Total protein was extracted from leaf samples and immunoprecipitated
with RFP-Trap beads (IP:RFP) followed by immunoblot analysis with anti-GFP antibodies to
detect GFP-1a fusion proteins. GFP-1a was detected in all input samples with a corresponding
band of approximately 138kDa. However, following RFP-pull down, GFP-1a could only be
detected when co-expressed with the 2b-RFP or 2bF/ES(36-60_RFP and not with the 2b>*-%C-RFP
or 2b*633360_RFP mutants. A full description of CMV 2b mutants used is given in Figure 5.1.
Original blots used to make composite image are shown in Appendix II.
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Most mutant versions of the Fny-CMV 2b protein lacking residues at their C-termini showed
an increased nuclear localisation compared to the full-length protein. This is consistent with
results seen for the SD-CMV 2b protein where deletion of residues 62-111 or 38-111 resulted
in strong nuclear targeting (Duan et al., 2012). The effect of C-terminal deletions on 2b-
localisation likely relates to a loss of a recently described NES between residues 77-87 (Kim
et al., 2022). The N-terminal mutant from residues 1-17 did not appear to impact nuclear
localisation but deletion of residues from 1-55 caused a reduction in nuclear localisation. This
is in line with previous work characterising the presence of two NLSs in the 2b proteins of
Subgroup I between residues 22-36 (Wang et al., 2004; Lewsey et al., 2009; Duan et al., 2012).
While my results show that 1-55 has a reduced nuclear localisation there did still appear to be

a small proportion of it present in the nucleus.

The ability of 2b protein mutants to self-interact was assessed using BiFC. As previously
reported, I observed the formation of homodimers with Fny-CMV 2b protein (Figure 5.7)
(Chen et al., 2008; Gonzalez et al., 2010; Xu et al., 2013). I found that all the mutant 2b
proteins tested retained their ability to dimerized with full length Fny-CMV 2b protein, as seen
with BiFC (Figure 5.7). The leucine residue at position 55 has previously been attributed to
governing the dimerization of CMV 2b proteins (Xu et al., 2013). However, the fact that both
56-110 and 1-55 mutant proteins interact with full length 2b suggests there are likely multiple
binding sites for the 2b protein. The ability of some mutant proteins to self-interact was also
assessed via BiFC with co-infiltration of the tombusvirus VSR P19 to mitigate any effects on
reduced VSR activity leading to a perceived reduction in fluorescence following BiFC
analysis. These results indicated that the 2b mutant lacking residues 56-60 was still able to

self-interact (although the intensity of fluorescence appeared to be decreased) (Figure 5.7).
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2b-RFP 2bLS/Fny(83-93).GFP 2b256-60_.RFP 2b56aaabs_RFP 2ba1-55-RFP

2b285-110_.RFP 2ba74-110_RFP 2baS6-110_RFP 2ba44-110_RFP 2ba1-17.RFP

Figure 5.6. Mutations affecting the subcellular localisation of cucumber mosaic virus 2b
proteins. Agroinfiltration was used for transient expression in N. benthamiana leaves of C-
terminal red fluorescent protein 2b-(RFP) or C-terminal green fluorescent protein 2b-(GFP)
fusion protein. All mutant versions of the 2b protein showed nuclear and cytoplasmic
localisation. However, mutant versions of the 2b protein lacking residues at their C-terminus
(such as 85-110, 74-110, 56-110 or 44-110) showed an increased nuclear localisation compared
to the wild-type protein. Increased nuclear localisation was also seen for the LS/Fny chimeric
mutant in which a ‘loop’ of residues present in the Fny-CMV 2b protein (residues 83-93) but
absent in the sequence of the LS-CMV 2b protein, were introduced into a chimeric LS-CMV
protein. However, the N-terminal mutant from residues 1-17, mutations from 56-60 or
substitution of alanine from 56-60 had no impact on the localisation of CMV 2b. In contrast,
deletion of residues from 1-55 caused a reduction in nuclear localisation and an increase in
cytoplasmic localisation. A full description of the CMV 2b protein mutants used is given in
Figure 5.1.
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Figure 5.7. Mutations affecting the ability of the Fny-CMYV 2b protein to self-interact.
Bimolecular fluorescence complementation was used to compare the self-interaction properties
of the full-length 2b protein of Fny-CMV with mutant versions of the 2b protein using fusion
proteins with the N- and C-terminal domains of the yellow fluorescent protein (2b-YFPn and
2b-YFPc). Mutant versions of the 2b protein lacking residues between 56-60 interacted
strongly with full length 2b protein. However, self-interaction with two mutant versions of the
2b protein resulted in markedly reduced levels of self-interaction. A full description of the
CMYV 2b protein mutants used is given in Figure 5.1.
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5.2.4 Residues 56-60 are also important for the interaction of the Fny-CMYV 2b protein

with AGO1

The effects of mutation of the CMV 2b protein on its interactions with AGO1 were examined.
Deletions of residues 1-17 or 83-93 had no impact on the co-localisation of AGO1 with the 2b
protein (Figure 5.8). However, as described in Section 5.2.2 for co-localisation of CMV 2b
with la, the C-terminal deletion also caused an apparent decrease in the proportion of 2b
protein co-localising with the AGO1 protein (Figure 5.3). Progressively larger deletions of
residues beginning at the C-terminus (95-110, 85-110, 74-110, 56-110 and 48-110) diminished
AGO1-2b protein co-localisation (Figure 5.8). To determine if these changes in localisation
resulted from losses of physical interaction between the two proteins, BiFC was carried out
(Figure 5.9). Deletion of residues 1-17, 95-110, 85-110 or 74-110 had no impact on the
interaction of the 2b protein with AGO1. However, marked decreases in the ability of the 2b
protein to interact with AGO1 occurred after deletion of residues 61-110, 56-110 or 48-110.
In-frame deletions of residues 56-60 or 39-48 greatly weakened the interaction with AGOI,
as did substitution of residues 56-60 with alanine residues (mutants 2b3%22260) Replacement of
amino acids in the Fny-CMV 2b protein to match residues 56-60 of the LS-CMV 2b protein

(the chimeric 2bMSF1¥36-60 protein) also decreased the interaction with AGOL.

These results are in line with previous work on the ability of mutants of the SD-CMV 2b
protein to complex with AGO1 which determined that deletion of residues 1-12, 1-37 or 95-
111 did not disrupt AGO1 binding but deletion of residues 1-62 or 38-111 did (Duan et al.,
2012). This led to the prediction of a putative AGOI1 interaction domain between residues 38
and 62 in the SD 2b protein. My evidence for the importance of sequences between residues
39 and 60 in the Fny-CMV 2b sequence supports previous results but it throws doubt on

whether there is a single discrete region of the 2b protein that is necessary and sufficient for
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AGOL interaction. The involvement of residues 56-60 in influencing the interaction of Fny-
CMYV 2b with both the CMV 1a protein and AGO1 protein may provide an explanation for the
observed competition between CMV 1a and AGO1 for binding Fny-CMV 2b protein (Chapter

3; Watt et al., 2020).

Co-immunoprecipitation assays confirmed the importance of residues 56-60 in mediating the
interaction of the Fny-CMV 2b and AGO1 proteins (Figure 5.10). RFP-tagged mutant versions
of the Fny-CMV 2b protein were co-expressed with GFP-tagged AGO1 protein,
immunoprecipitated using anti-RFP agarose magnetic beads and analysed by western
immunoblotting using anti-GFP antibodies to detect any AGO1 proteins complexed with the
mutant 2b-RFP proteins. The AGO1-GFP fusion co-immunoprecipitated with the full length

2b-RFP protein and the chimeric 2bMSF36-60_RFP protein but not with the 2b*36--RFP or

2b3622260_RFP proteins (Figure 5.10), in line with results from the BiFC assays.
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2p295-110.RFP + AGO1-GFP 2p485110.RFP + AGO1-GFP

2b-RFP +AGO1-GFP 2b417.RFP + AGO1-GFP 2p483%.RFP + AGO1-GFP

2p256-80.RFP + AGO1-GFP 2%632360_RFP + AGO1-GFP

Figure 5.8. Subcellular localisation of mutant CMV 2b proteins and Argonaute 1. Using
agroinfiltration, C-terminal red fluorescent protein (RFP) or green fluorescent protein (GFP)
fusion proteins derived from full length Fny-CMV 2b proteins (WT 2b-RFP) or 2b proteins
lacking residues between 1-17, 95-110, 85-110, 56-110, 83-93, 56-60 or substitutions
LS/Fny(83-93), 56aaa60 or Fny/LS(56-60) were co-expressed with RFP- or GFP-Argonaute 1
(AGO1) fusion proteins in N. benthamiana leaves in the combinations shown. Fluorescent
signals were imaged using confocal scanning laser microscopy. Fny 2b-RFP accumulated in
the nucleus and cytoplasm, with a proportion co-localising with the AGO1-GFP (merged signal
shown as yellow). Deletions of residues 1-17 or 83-93 had no impact on the co-localisation of
AGOI1 and 2b signals. However, deletion of the C-terminal residues 95-110, 85-110 or 74-110
resulted in a reduction in the proportion of co-localised signal. Larger deletions in the 2b
sequence between residues 56-110 and 48-110 resulted in noticeably reduced co-localisation
with AGO1 but co-localisation was never completely abolished. A full description of CMV 2b
mutants used is given in Figure 5.1.
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Figure 5.9. Interactions of wild-type or mutant Fny-CMYV 2b proteins with Argonaute 1.
Mutant versions of the 2b protein were fused at their C-termini with the C-terminal domain of
split yellow fluorescent protein (YFPc). Using agroinfiltration in N. benthamiana leaves, these
fusion proteins were co-expressed with YFP N-proximal domain fusion proteins with
Argonaute 1 (AGO1) proteins. Direct protein-protein interactions were revealed in vivo by
bimolecular fluorescence complementation and resulting fluorescence imaged by confocal
laser scanning microscopy. The data shows that deletion of residues 85-110 or 74-110 had no
impact on the interaction of mutant 2b proteins with AGO1. Deletion of residues from 61-110
caused a noticeable decrease in interaction between 2b and AGOI1 proteins and deletions
between 56-110 or 44-110 caused an almost complete loss of interaction. In-frame deletions
between residues 56-60 or 39-48 resulted in a greatly weakened interaction with AGOI1.
Mutation of a 56-60 sequence to match that of the LS protein also resulted in a decreased
strength of interaction. Alanine substitutions between residues 56-60 also resulted in decreased
interaction with AGO1. However, 2b protein mutants lacking residues between 1-55 were still
able to interact with the AGO1 protein and had a predominantly cytoplasmic localisation likely
because of the loss of NLS sequences. A full description of CMV 2b mutants used is given in
Figure 5.1.
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Figure 5.10. Co-immunoprecipitation assays showing a mutant CMV 2b protein lacking
residues 56-60 does not interact with AGO1. N. benthamiana leaf tissue was co-infiltrated
with A. tumefaciens cells carrying T-DNAs designed to express a fusion protein of green
fluorescent protein and the AGO1 protein (GFP-AGO1) mixed with cells carrying T-DNA
vectors encoding fusion proteins of red fluorescent protein and either full length 2b protein
sequences (2b-RFP) or mutant 2b proteins with deletions between residues 56-60 (2b*36-0-
RFP), alanine substitutions between residues 56-60 (2b°6222%0_RFP) or replacement of the Fny-
CMV 2b sequence with that of LS-CMV 2b sequence between residues 56 and 60 (2bFy/LS(G6-
%0)_RFP). Total protein was extracted from leaf samples and immunoprecipitated with RFP-
Trap beads (IP:RFP) followed by immunoblot analysis with anti-GFP antibodies to detect GFP-
AGOL1 fusion proteins. GFP-AGO1 was detected in all input samples with a corresponding
band of approximately 140kDa. However, following RFP-pull down, GFP-AGO1 could only
be detected when co-expressed with the 2b-RFP or 2bf/LSG6-60_RFP and not with the 2b36-6%-
RFP or 2b°¢2220_RFP mutants. A full description of CMV 2b mutants used is given in Figure
5.1. Original blots used to make this composite image are shown in Appendix II.
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5.2.5 Residues 56-60 of the CMV 2b protein are required for its VSR activity

The impact of mutations on VSR activity was assessed by monitoring the abundance of free
GFP in N. benthamiana leaves co-infiltrated with constructs expressing mutant proteins and
free GFP (Figure 5.11). The results I obtained confirmed several results previously published
in my lab on the Subgroup IA strain Fny-CMYV 2b protein (Lewsey et al., 2009), and also some
of the results published by Duan et al. (2012) on the 2b protein from the Subgroup IB SD-
CMYV strain. I found that deletion of the N-terminal residues from 1-55 caused a loss of VSR
activity. This is consistent with previous reports which suggested that the residues between 1-
37 and some residues between 37-61 are key for the VSR activity of the CMV 2b protein
(Gonzalez et al., 2012; Duan et al., 2012; Xu et al., 2013). N-terminal deletions are thought to
impact the VSR activity of 2b due to the deletion of its NLSs which also form part of a larger
domain in the 2b protein required for the binding of dSRNA (Duan et al., 2012). A smaller N-
terminal deletion from 1-17 was seen to reduce VSR activity in accordance with similar
observations by Duan et al. (2012) for residues 1-12 in the SD-CMV 2b protein. Deletion in
the C-terminal region between 95-110 or 83-93 did not impact VSR activity but a larger
deletion from 48-110 did affect VSR activity as did deletion from residues 56-60. This also is
consistent with similar work that found deletions in the SD-CMYV 2b protein between residues
94-111 or 62-111 had no impact on VSR activity but deletions from 38-111 did (Duan et al.,
2012). My results suggest that there is a larger region around the central part of the Fny-CMV

2b protein that is important for its VSR activity which includes residues between 56-60.

Considering the effects some mutations had on the VSR activity of the CMV 2b protein, which
may have decreased the expression levels for these proteins, the BiFC experiments described
in Sections 5.2.2 and 5.2.4 were repeated with co-infiltration of 4. tumefaciens cells carrying

T-DNA for expression of P19, the tombusvirus VSR. For BiFC experiments investigating the
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interaction between CMV 2b and 1a proteins, co-infiltration with P19 did not alter the results
seen for any of the mutants except for infiltrations with the 2b236-%° where an interaction

between the 1a and 2b proteins became faintly detectable in some instances (Figure 5.12).

For BiFC experiments investigating the interaction between CMV 2b and AGO1 proteins, co-
infiltration of P19 resulted in a strong fluorescent signal between the CMV 2b mutant protein
lacking residues between 1-55 and AGO1 but this interaction had a predominantly cytoplasmic
localisation, likely because of the deletion of the NLS domain (Figure 5.12). Thus, regions in
both the C- and N-proximal regions of the 2b protein may facilitate the interact with AGO1.
Interestingly, for BiFC experiments testing the interaction of mutant 2b proteins with AGO1,
co-infiltration of P19 resulted in trace levels of fluorescence for all mutants even for a 2b
mutant with a deletion between residue 21-110. This observed fluorescence may be artefactual
or may be explained by the role of the N-terminal region of 2b in facilitating RNA interaction
(Duan et al., 2012), but it may not be possible to completely eliminate any interaction with

AGO1 without also eliminating the 2b protein’s ability to interact with RNA.
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Figure 5.11. Mutations in the C-terminal region of the CMV 2b protein do not impact its
VSR activity. Green fluorescent protein (GFP) was expressed transiently, under a 35S
promoter, in agroinfiltrated leaves of N. benthamiana. A. The relative intensity of GFP
fluorescence was quantified using ImagelJ as the integrated density (IntDen) of each image, for
each treatment 11 days after infiltration. Individual relative fluorescence values are presented
as jitter plots with each mean value and standard error depicted as black bars. Compared to the
intensity of fluorescence emitted by leaves expressing GFP only, the relative intensity values
of GFP fluorescence emitted by leaf tissue agroinfiltrated with mixtures of A. tumefaciens cells
that included those carrying constructs expressing the full length 2b protein (2bWT), 95-110,
83-93 or Fny/LS (56-60) mutant versions of the 2b protein were significantly greater. Lower
case letters @ and b indicate mean values for relative fluorescence intensity that are
significantly different from each (P <0.0001: Tukey’s multiple comparison of means). Values
labelled with the same letter are not significantly different from each other. Number of
independent leaves imaged for each treatment, n > 6. B. Typical confocal images of GFP
fluorescence in the presence of full length or mutant versions of the CMV 2b protein as
indicated. A full description of CMV 2b mutants used is given in Figure 5.1.
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B 2ba44-110.YFPC + AGO1-YFPn  2bs56-110-YFPc + AGO1-YFPn  2bat55.YFPc + AGO1-YFPn

0 um 75

2ba20-110.YFPc + AGO1-YFPn

pm100

2b256-60-YFPc + AGO1-YFPn

2b239-48.YFP¢ + AGO1-YFPn

Figure 5.12. Co-expression with P19 recovers the interactions of some mutant CMV 2b
proteins with Fny-CMV 1la or Argonaute 1 proteins. Bimolecular fluorescence
complementation was used to compare the interactions of mutant versions of the Fny-CMV 2b
protein fused with the C-terminal domain of the yellow fluorescent protein (2b-YFPc). The
AGOI1 or Fny-CMYV 1a proteins were fused with the N-terminal domain of YFP (AGO1-YFPn
or 1a-YFPn). Mutant 2b-YFPn proteins were co-expressed with an untagged version of the P19
protein (a viral suppressor of RNA silencing) and either AGO1-YFPn or 1a-YFPn in N.
benthamiana leaves. A. Following co-infiltration with P19, there was no interaction between
Fny-CMV 2b protein mutants lacking residues 56-110 or 56-73 (2b236-110 or 2b436-73) and the
Fny-CMV 1a protein. However, there was a faintly detectable interaction between the mutant
2b protein lacking residues 56-60 (2b2%6-¢%) and the Fny-CMV 1la protein. B. Following co-
infiltration with P19, interaction between mutant 2b proteins lacking residues 1-55 (2b%1-55)
and AGO1 became detectable. Co-infiltration with P19 also seemingly resulted in weakly
detectable interactions for all other mutant 2b proteins tested including those lacking residues
56-60, 44-110, 56-110, 20-110, 56-60 and 39-48 (2bA36-60 2pA44-110 IHAS6-110 " 7 HA20-110 " HAS6-
60 and 2b%3%-48, respectively). A full description of CMV 2b mutants used is given in Figure 5.1.
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5.3 Discussion

5.3.1 It may not be possible to pinpoint a single domain of the CMV 2b protein governing

its interaction with AGO1 but residues between 44-60 play a key role

The CMV 2b protein interacts with both AGO4 and AGO1 in vivo (Gonzélez et al., 2010). The
interaction with AGO4 inhibits DNA methylation and transcriptional gene silencing (Cillo et
al., 2009; Ye et al., 2012), and the interaction with AGO1 triggers the additional layers of
defence against aphids and against the virus itself. By a process of elimination, it has been
proposed that sequences between residues 38 and 95 are most likely responsible for this
interaction (Gonzalez et al., 2010; Duan et al., 2012; Zhou et al., 2014). Duan et al. (2012)
suggested that there was an essential 33-residue region around the centre of the 2b protein
required for the interaction of 2b with AGO1 which was separate from the overlapping domains
in the N-terminus required for binding dsSRNA and localisation to the nucleolus. Additionally,
deletion of the KSPSE (residues 39-43) or GSEL (residues 62-65) sequence domains did not
disrupt the interaction of Fny-CMV 2b with AGO1 (Gonzilez al., 2010). My findings support
the idea of a more delimited AGO-binding domain with particular importance of residues lying
between positions 44 to 60. However, the findings would also be consistent with there being
multiple regions or residues of the 2b protein participating in its interaction with AGO1. Thus,
it may not be possible to attribute AGO-2b interactions to a discrete amino acid sequence within
the 2b protein, and this was one of the reasons I decided to investigate if the CMV 2b protein
secondary structural dynamics might condition interactions with other proteins (explored

further in Chapter 6).
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5.3.2 Residues 56-60 of the Fny-CMYV 2b protein are essential for its interaction with the

Fny-CMYV 1a protein

The N- and C-terminal domains of the CMV 2b protein have been implicated in enhancement
and inhibition of symptoms respectively (Ding et al., 1996; Lewsey et al., 2009). Given the
effect of the CMV 1a-2b interaction in ameliorating symptoms I hypothesised that the C-
terminal domain may play a role in mediating the interaction of the CMV 2b proteins with
CMYV la proteins. However, while loss of the C-terminal domain reduced the interaction of the
2b and la proteins it did not abolish it. Similarly, I found the region between 83-93 seemingly
had a pronounced effect on reducing the strength of interaction between CMV 1la and 2b
proteins but did not abolish it. The region 83-93 represents a region of dissimilarity between
the Fny-CMV and LS-CMYV sequences of 2b proteins which show different effects with respect
to their ability to bind the CMV la protein. This region encompasses a NES (Kim et al., 2022)
and its deletion resulted in increased nuclear presence of the 2b protein which may account for

the observed differences in CMV 1a-2b co-localisation.

While multiple regions in the C-terminus appear to weakly influence the interaction of Fny-
CMYV la and 2b proteins, I found that residues between 56-60 are essential for this interaction
to occur. This overlap, i.e., the involvement of the 2b protein residues 56-60 in interactions
with both AGO1 and the 1a protein, may contribute to the competition between AGOI1 and 1a
for binding to the Fny-CMV 2b protein (Chapter 3; Watt et al., 2020). The decreased interaction
of 2b mutant proteins lacking the 56-60 region with both the 1a protein and AGO1 may hint at
a more general role for this domain in other protein-protein interactions involving the CMV 2b

protein (discussed further in Chapters 6 and 7).
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Section 5.3.3 Limitations and future directions

The apparent involvement of the CMV 2b residues 56-60 in binding CMV 1la, AGOI1 proteins,
other CMV 2b proteins and in mediating VSR activity may hint at a more general structural
importance of these residues. It is possible that the perceived loss of interaction following
larger mutations in the CMV 2b protein may relate to a loss of stability in the protein. However,
all mutant proteins tested were visualised with RFP or GFP tags (Figure 5.6) and were all able
to form homodimers with full length Fny-CMV 2b proteins (Figure 5.7). This suggests that the
tagged versions of the mutant proteins were sufficiently stable for co-localisation studies and
BiFC analysis. To further assess the effect of mutations on protein stability a western blot could
be performed to check protein abundance with co-infiltration of the VSR P19 to account for
differences in protein level resulting from reduced VSR activity of the mutant 2b proteins. The
use of alternative methods for detecting protein-protein interactions, such as yeast two hybrid

or in vitro binding assays, may also improve the reliability of the results obtained.
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Figure 5.13. A map of the proposed new domains within the Fny-CMV 2b protein.
Previously characterised domains are shown in grey and newly proposed domains 39-48 and
56-60 are shown in blue. Biological roles of the newly proposed sequences are indicated on
the left. Newly proposed domains with a strong effect on a biological function of the Fny-CMV
2b protein are coloured dark blue and domains with a partial effect on a biological function of
the Fny-CMV 2b protein are light blue. The map shows the strong effect of residues 56-60 on
the interaction of Fny-CMV 2b with Fny-CMV 1la and AGO1 proteins and on VSR activity as
dark blue boxes. The strong influence of residues 39-48 on the 2b-AGOI interaction is also
indicated by a dark blue box. The weaker influence of the C-terminal domain of Fny-CMV 2b
on interactions with AGO1 and Fny-CMV 1a is shown by light blue boxes as is the partial
influence of residues 56-60 on 2b-2b self-interaction. See Figure 1.3 for full details for
previously characterised biological roles of sequences.
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Chapter 6. The secondary structure of the CMV 2b
protein

6.1 Introduction

It has not been possible so far to generate a structure of the CMV 2b protein by X-ray
crystallography, but previous modelling predicted it to have a predominantly o-helical
secondary structure (Gellért et al., 2012). The crystal structure of a protein of the orthologous
TAV 2b protein has been solved to a resolution of 2.82 A (Chen et al., 2008). However, it was
not possible to subject the C-terminal half of the TAV 2b protein (residues 70-95) to X-ray
crystallography. This was partly due to its toxicity in E. coli, which made it impossible to obtain
full-length TAV 2b protein for crystallization (Sueda et al., 2010). The C-terminal domain of
the Fny-CMV 2b protein (as defined in Lewsey et al., 2009 and other publications)

encompasses 16 amino acid residues.

At the present time, the best published insights into the three-dimensional structures of
cucumoviral 2b proteins have come from modelling conducted prior to the development of the
powerful structural prediction tools AlphaFold (Jumper et al., 2021) and RoseTTAFold (Baek
et al., 2021). The model developed by Gelleért et al. (2012), predicted the C-terminal domain of
the 2b protein to be an unstructured region with only a single short stable a-helix between
residues 68-76. However, their projections anticipated that the negatively charged residues in
the C-terminal domain of CMV 2b (such as Asp95, Asp96 and Asp98) may help stabilise its
three-dimensional structure through coordination of a divalent metal cation (such as Mg?* or
Ca?") resulting in the formation of a short B-sheet region formed between residues 7985
(Gellért et al., 2012). The C-terminal domain of CMV 2b also contains two conserved

tryptophan residues at positions 99 and 105. These residues may have similar RNA stabilizing
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functions to those that occur in the unrelated P19 VSR of CIRV, in which two conserved
tryptophan residues at positions 39 and 42 interact with exposed RNA base pairs at each end
of the double-stranded siRNA fragment in what is described as an end-capping interaction

(Vargason et al., 2003).

Multiple sequence alignments of 29 different CMV 2b protein sequences revealed a well
conserved motif between residues 94 and 105, suggesting the potential for conservation of the
biological functions of 2b protein C-terminal domains (Gellért et al., 2012). The relevance of
the domain was further demonstrated by inoculation experiments with quadruple-alanine
(AAAA) substitutions between amino acids 95-98 in the 2b sequence (Gellért et al., 2012). In
these mutant viruses, viral movement was slower and symptoms milder compared to the wild-
type virus. This supports the likely importance of the C-terminal domain in strengthening the

stability of the 2b protein tetramer—siRNA ribonucleoprotein complex (Gellért et al., 2012).
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6.2 Results

6.2.1 The Fny-CMYV 2b protein is predicted to be intrinsically disordered

The secondary structure of the Fny-CMV 2b protein was predicted using the online
RoseTTAFold server (Baek et al., 2021) (Figure 6.1). The predicted secondary structure of the
Fny-CMV 2b protein comprised a predominantly o-helical N-terminal half with an almost
completely unstructured C-terminal half. AlphaFold and I-Tasser predictions gave similar
results (Appendix II). Given that unstructured regions often relate to intrinsically disordered
regions, the possibility that the Fny-CMV 2b protein may be intrinsically disordered was tested
using the Pappu Lab’s Classification of Intrinsically Disordered Ensemble Regions (CIDER)
(Holehouse et al., 2015, 2017) (Figure 6.2). This analysis predicted that the Fny-CMV 2b is
intrinsically disordered and falls into the class of ‘Janus sequences’ which exist in collapsed or
expanded states in a highly context dependent manner (depending on factors such as salt
concentration, ligand binding, cis-interactions, etc..). The model also predicts that the Fny-
CMYV 2b protein has clearly grouped regions of positive and negative charge which may
facilitate its self-interaction and that regions of positive charge are likely important for

mediating its RNA binding properties.

The IUPred3 server (Erdos et al., 2021) and ParSe v2 program (Ibrahim et al., 2023) were also
used to attempt to predict the occurrence of intrinsically disordered regions in the Fny-CMV
2b protein. Both programs use neural network strategies educated using experimental data on
regions of proteins known to be either ordered or intrinsically disordered. The [UPred3 and
ParSe v2 programs were applied to the full-length sequence of the Fny-CMV 2b protein and
both predicted that a significant proportion of its secondary structure contains intrinsically
disordered regions (Figure 6.3). Specifically, the Fny-CMV 2b protein was predicted to contain

intrinsically disordered regions between residues 20-44 and 70-88. The ANCHOR?2 prediction
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algorithm (Dosztanyi et al., 2009) predicted the presence of two additional disordered regions
which may be capable of binding another molecule and forming an ordered structure (between
residue 1-20 and 48-60). Interestingly, the predictions of disorder varied between 2b orthologs
of different CMV strains along Subgroup lines. The less severe Subgroup II LS strain show a
much more ordered structure with only one potential region of disorder between residues 28-
38 and no predicted disordered binding domains (Figure 6.3). The 2b proteins encoded by the
Subgroup IB CMV strain SD-CMV was predicted to have an intermediate level of intrinsic
disorder structures with a predicted region of disorder between residues 22-44 and only one

predicted disordered binding domain between residues 1-19 (Figure 6.3).
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“Loop Structure”

Fny-CMV 2b

LS-CMV 2b

No “Loop Structure”

TAV 2b

Figure 6.1. Polypeptide folding predictions for the 2b protein. A. The 3-dimensional
structures for the 2b proteins for Fny-CMV and LS-CMV were predicted using RoseTTAFold
software. These predicted a structured and predominantly o-helical N-terminal half of both
proteins (with a high confidence) followed by disordered low confidence regions in the C-
terminal halves of each protein. The residues between 83-93 in the Fny-CMV 2b protein, for
which there is no corresponding region, in the LS-CMV 2b protein were predicted to be mostly
unstructured and to fold into a loose loop-like structure. B. The 3-dimensional structures for
the 2b proteins for TAV was predicted using RoseTTAFold software. This predicted a
structured and predominantly a-helical protein with only a small C-terminal disordered region.

116



NCPR

FCR

Fraction of negatively charged residues

Hydropathy

Diagram of states

1.0

e
=3

o
o

o
o

o
N

o
oo

0.2 0.4 0.6 0.8
Fraction of positively charged residues

10 Hydropathy distribution (blob 5)

0.8}

o
)

1
»

0.2

0.0

Blob index

10 NCPR distribution (blob 5)

-1.0

20 20 60 80 100
Blob index
10 FCR distribution (blob 5)

Blob index

117

Key:

Weak polyampholytes & polyelectrolytes:
Globules & tadpoles

Janus sequences:

Collapsed or expanded - context dependent
Strong polyampholytes:

Coils, hairpins, & chimeras

Negatively charged strong polyelectrolytes:
Swollen coils

Positively charged strong polyelectrolytes:
Swollen coils

Figure 6.2. Prediction of
physicochemical properties for the
Fny-CMYV 2b protein. This figure shows
the predictions of the CIDER server
(http://pappulab.wustl.edu/CIDER/about
/). A. The diagram of states provides an
estimate of the kinds of ensembles
adopted by an intrinsically disordered
sequence. The predictions suggest that
the Fny-CMV 2b protein sequence has a
context-dependent structure, existing in
collapsed or expanded states depending
on other factors such as salt
concentration, ligand  binding, cis-
interactions etc. B. The mean hydropathy
of the sequence shown as a re-scaled
Kyte-Doolittle (Kyte and Doolittle, 1982)
hydropathy value which lies between 0
(least hydrophobic) and 1 (most
hydrophobic). C. The net charge per
residue (NCPR) predicts that the Fny-
CMV 2b protein has clearly grouped
regions of positive and negative charge.
D. The fraction of charged residues in the
sequence (FCR) also shows grouping of
regions with charged residues. This may
facilitate self-interaction and the regions
of positive charge are likely candidates
for RNA interaction.
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Figure 6.3. Predictions of intrinsically disordered regions. A. The [UPred3 program (shown
in red) predicated that approximately 50% of the Fny-CMV 2b protein is likely to be
intrinsically disordered with two principal disordered regions between residues 20-44 and 70-
88. The ANCHOR?2 algorithm (shown in blue) predicted the presence of two regions capable
of binding another molecule and forming an ordered structure between residues 1-20 and
residues 48-60. The 2b protein of SD-CMV (a Subgroup IB strain) had only one predicted
region of disorder (between residues 20-44) but no disordered region between residues 83-90
and only one predicted disordered binding domain between residues 1-20. The 2b protein of
LS-CMV was predicted to have a much more ordered structure with only one potential region
of disorder between residues 28-38 and no predicted disordered binding domains. B. The
ParseV2 program yielded similar results with a greater proportion of the protein predicted to
be intrinsically disordered in Subgroup IA strains than Subgroup IB strains and no sequences
with 20 or more contiguous residues that are at least 90% disorder-promoting found in
Subgroup 1II strains. Protein sequences are depicted as horizontal bars with folded regions
shaded black, intrinsically disordered regions shaded red, and mixed regions shaded white. The
GenBank accession numbers for the sequences used in this alignment are NC002035 for Fny-
CMV, D12538 for Y-CMV, AM183118 for RI-8-CMV, AJ276480 for Mf-CMV, HE971489
for OSA3-CMV, QBH72281 for AZ14-CMV, CBG76802 for KS44-CMV, D86330 for SD-
CMV, CAJ65577 for PI-1-CMV, FN552601 for 30RS-CMV, BAD15371 for TN-CMV,
AF416900 for LS-CMV and Q66125 for Q-CMV.
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6.2.2 Residues within the Fny-CMYV 2b protein are predicted to drive phase separation

A common feature of disordered proteins is the ability to undergo phase-separation. The key
determinant of whether an intrinsically disordered protein will phase transition is the balance
between residues driving cohesive intramolecular interactions and the polar residues driving
solvent interactions (Pak et al., 2016; Murthy et al., 2019; Schuster et al., 2020). There have
been several methods developed to predict sequences which drive separation (Vernon and
Forman-Kay, 2019; Pancsa et al., 2021). One such tool is inbuilt into the ParSe v2 tool and
uses sequence hydrophobicity to identify intrinsically disordered protein regions and sort them

into regions that phase transition and those which do not (Ibrahim et al., 2023).

ParSe v2 predicted that the Fny-CMV 2b protein contains residues promoting phase separation
(Figure 6.4A). The presence of intrinsically disordered domains capable of phase separation
within the secondary structures of the CMV la and AGO1 proteins were also predicted using
the ParSe v2 algorithm. These results indicate that the 1a protein of Fny-CMV contains a region
of disorder between residues 539-565 and the LS-CMV 1a protein contains a much smaller
region of disorder between residues 556-565 (Figure 6.4B). Interestingly, the still poorly
characterised N-terminal region of AGO1 was also predicted to contain a large intrinsically
disordered region (Figure 6.4C). The disordered nature of this region has been previously
predicted (Chakrabortee et al., 2016) and a pre-print paper has just been released demonstrating
that this region drives phase separation of AGO1 under stress conditions (Blagojevic et al.,
2023). This domain is also able to bind single-stranded and double-stranded RNA, but the
addition of RNA is not thought to facilitate phase separation. In fact, for some RNA-binding
proteins, interactions with RNA appears to inhibit phase separation and prevents the formation
of protein condensates (Maharana et al., 2018). AGO2 and AGOS of A. thaliana have also been
reported to contain intrinsically disordered regions in their N-terminus (Kim et al., 2021) and

therefore may also be able to phase separate under stress conditions.
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Figure 6.4. Predictions of phase separation. The ParseV2 program identifies protein regions
likely to exhibit physiological phase separation behaviour. The results shown here are for the
modified ParseV2 program accounting for the effects of interactions between amino acids
(termed Up for n—7 and cation— interactions and Uq for charge-based effects). Residues are

colour coded based on their predicted state with black representing folded residues, red
representing disordered residues and blue representing phase separating residues. The classifier
distance on the Y-axis represents the confidence in the assigned states with higher values
relating to higher confidence. A. The Fny-CMV 2b protein is predicted to contain two regions
which are likely to promote phase separation behaviour while the LS-CMV 2b protein contains
only one such region. B. The Fny-CMV 1a protein contains residues which are likely to
promote phase separating behaviour, but these represent a smaller percentage of residues than
those seen in the Fny-CMV 2b protein. The LS-CMV 1a protein also contains residues which
are likely to promote phase separation, but there are slightly fewer such residues than in the
Fny-CMV 1a protein (41 compared with 66). C, The A. thaliana AGO1 protein is also
predicted to contain residues promoting phase separation with the greatest density at its N-
terminus.
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6.2.3 Circular dichroism results suggest 50% of the Fny-CMYV 2b protein is intrinsically

disordered

The average secondary structure content of the full length Fny-CMV 2b protein was then
evaluated via CD analysis. The CD data were analysed using the K2D2 (Perez-Iratxeta and
Andrade-Navarro, 2008), CONTINSP175 (Whitmore and Wallace, 2004) and CDSSTR
(Sreerama and Woody. 2000) programs which use reference data sets to predict protein
structures. A combination of different data sets was used including a new reference dataset,
IDP175, which is suitable for analyses of proteins containing significant amounts of disordered
structure (Miles et al., 2023). These results suggest the best fit protein structure for the Fny-
CMYV 2b protein is 10% a-helix, 35% B-sheet, and 54% other (mainly disordered) (Figure 6.5).
The indication of a large component of 3-sheet was an unexpected finding since it has been
assumed that the 2b-protein is mainly o-helical, based on X-ray crystallography results for the
N-terminal half of the orthologous TAV protein (Chen et al., 2008) and modelling by Gellert
et al. (2012). However, the TAV 2b protein only shares 58% sequence identity with CMV 2b

protein (Figure 1.2) and structural studies for CMV 2b have not previously been conducted.

6.2.4 Nuclear magnetic resonance results indicate the Fny-CMYV 2b protein is structured

A purified sample of the Fny-CMV 2b protein was provided to Prof. Daniel Nietlispach in the
Department of Biochemistry (University of Cambridge) who performed a 2D NMR following
NOESY and TOCSY pulse sequences (providing information on through space interactions
between hydrogen nuclei and through bond interactions between hydrogen nuclei,
respectively). These results were typical of a globular protein with a high propensity of a-
helical stretches of residues (at least 40 residues arranged a-helically could be observed,

indicated by cross peaks between 6 and 9.5 ppm) (Figure 6.6). There was also evidence for a
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strong contingent of at least 20 residues forming part of a B-sheet region, indicated by cross
peaks between 6 and 10 ppm along the X-dimension and between 4.7 and 6 ppm in the Y-
dimension. Surprisingly, and contradicting the CD results (Section 6.2.3), there was no
indication of any very sharp peaks typical of unstructured proteins, which would relate to
regions with disordered secondary structure. There are some signals that do not give many
cross peaks and may have disordered secondary structure, but they did not represent a large
proportion of the total residues. Therefore, from the NMR analysis the Fny-CMV 2b protein
appears mostly structured with a mix of a-helical and B-sheet domains. Given the increased
signal for B-sheet from the NMR analysis it is possible that the unstructured region to B-sheet

transition predicted by Gellért et al. (2012) is more extensive than initially estimated.
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Figure 6.5. Circular dichroism analysis of the Fny-CMV 2b protein. Results obtained for
a 13.5 uM sample of purified Fny-CMV 2b protein. UV absorption was measured in the far-
UV region at wavelengths between 190 and 240 nm and the output averaged across five scans.
The measured degrees of ellipticity were converted to mean residue ellipticity to correct for
protein size and concentration and the data was run through the CDSSTR program to assess
the average secondary structure. The green line shows the input data points and the blue line
shows the fitted spectra using the CDSSTR program and the indicated results for a-helix, -
sheet and other (disordered) structures.
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Figure 6.6. Proton nuclear
magnetic resonance analysis
of the Fny-CMV 2b protein.
Results obtained for a 200mM
sample of purified 2b protein
from Fny-CMV.

A. Results from a 2D nuclear
Overhauser effect spectroscopy
(NOESY) analysis (800 MHz,
298K, mixing time = 150 ms)
are shown in black alongside
results from a 2D total
correlation spectroscopy
(TOCSY) analysis (800 MHz,
298K, mixing time = 32 ms)
shown in red. The results
suggest the presence of
approximately 40 residues with
an a-helical secondary structure
and approximately 20 residues
with a [B-sheet secondary
structure.

B. An expansion of the region
between 611 ppm containing
information relating to aromatic
side chains and amide protons.
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6.3 Discussion

6.3.1 The 2b proteins of Subgroup II CMV strains have markedly fewer disorder-

promoting residues than those of Subgroup IA

The term ‘intrinsically disordered protein’ refers to a protein that contains large regions which
lack a stable structure and exist instead as conformational ensembles (Dunker and Obradovi¢,
2001; Holmes, 1983). Interestingly, my modelling and CD results suggest a marked difference
in the number of disorder-promoting residues in the Subgroup IA compared with Subgroup II
CMV strains. The ORFs of Subgroup IA 2b proteins are typically 10 amino acids longer than
those from Subgroup II CMV strains. Previous alignments for the SD-CMV 2b protein
identified the ‘missing sequence’ as between residues 62 and 71 (Duan et al., 2012) while my
alignment of the Fny-CMYV and LS-CMYV 2b sequences placed the ‘missing sequence’ between
residues 83 and 93. These regions relate to a larger region of dissimilarity between residues 62
and 93 in the 2b proteins of Subgroup IA and IB strains compared to those from Subgroup II.
Modelling suggests this region is intrinsically disordered in 2b proteins of Subgroup IA and IB
CMV strains but not those of Subgroup II. The consequences of different extents of intrinsic
disorder on the function of CMV 2b proteins from different Subgroups and how this relates to

differences in symptom severity warrants further investigation.

6.3.2 Circular dichroism and nuclear magnetic resonance observations appear to provide

contradictory evidence on the levels of intrinsic disorder within the 2b protein

The CD and NMR data presented here represent the first direct experimental analysis of the
secondary structure of the CMV 2b protein of which I am aware. CD data supported the
modelling that predicted that the C-terminal half of the protein is largely disordered with the

best fitting model suggesting approximately 50% of the Fny-CMV 2b protein is unstructured.
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This is supported by my modelling predictions using I[UPred3 and ParSe v2 and the folding
predictions of RoseTTAFold and AlphaFold which predicted that approximately 50% of the
Fny-CMYV 2b protein is disordered. The CD analysis also suggests there are a-helical structures
and B-sheet structures but surprisingly the predicted proportion of B-sheet was greater than that
of a-helical residues. NMR spectroscopy results suggest the Fny-CMV 2b protein is mainly o-
helical which is in line with the structure predictions based on the TAV 2b protein. The results
also indicated the presence of B-sheet structure and some unstructured regions, which is in-line
with the modelling by Gellért and colleagues (2012). However, results indicate a larger
proportion of B-sheet (at least 20 amino acids) occurs than the modelling from Gellért et al.

(2012) suggested (6 amino acids) and a smaller proportion of unstructured regions.

Surprisingly, NMR provided little evidence for the presence of intrinsically disordered
secondary structure in the Fny-CMV 2b protein. This contrasts not only with modelling
predictions but also with the CD results. A possible explanation could be that our NMR samples
were in PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Na2HPOs4, and 1.8 mM KH2PO4, pH 7.4)
while CD analysis was conducted with samples in 10 mM phosphate buffer (7.5 mM Na;HPO4
and 2.5 mM KH2PO4, 1 mM 1,4-dithioerythritol, pH 7.4). The modelling of Gellert el al. (2012)
suggests that divalent cations stabilise the C-terminal region of the 2b protein and promote
formation of P-sheet structures. A diagram of states places the Fny-CMV 2b sequence in the
‘Janus’ region with a highly context-dependent structure (Figure 6.2). Therefore, it is possible
that in low salt environments the Fny-CMV 2b protein is monomeric or not interacting with
cations and forms a less structured state while in higher salt environments (perhaps even with
PBS, although it only provides monovalent cations, i.e., Na” and K*) the Fny-CMV-2b protein
forms a more ordered state. The CMV 2b protein has also been shown to dimerise which may
be another possible explanation for the differences seen in structure in PBS vs low salt

environments which may confer different propensities to dimerise.
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Section 6.3.3 Limitations and future directions

It is worth noting that the structural studies performed here were conducted on a Fny-CMV 2b
sequence containing a point mutation to mitigate toxic effects in E. coli. While this was only a
single amino acid substitution in the C-terminal domain of the CMV 2b protein, it cannot be
ruled out that mutating this residue may affect the overall secondary structure of the CMV 2b
protein. An alternative approach would have been to express the CMV 2b protein in another

expression system such as wheat germ cell-free expression system.

It would be interesting to know what percentage of the CMV 2b protein is monomeric vs
multimeric under different conditions. This could have very significant consequences on the
structural information obtained. Structural predictions were performed for monomeric 2b
proteins. This may be another possible explanation for the differences seen in structure in PBS
vs low salt environments which may confer different propensities to dimerise. Other factors
that are likely to influence CMV 2b protein dimerisation are protein concentration and presence
of RNA left over from the protein extraction process. To determine the percentage of CMV 2b
protein dimerising under different conditions mass photometry or size exclusion
chromatography could be performed. Future experiments could also seek to demonstrate that
the 1a-2b interaction occurs in a phase separation using methods such as fluorescence recovery

after photobleaching or in vitro droplet formation.
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Chapter 7. General Discussion

7.1 The main findings of this study

The CMV 2b protein is a potent VSR and symptom determinant. Expression of the CMV
Subgroup IA strain Fny-CMV 2b protein in transgenic 4. thaliana plants disrupts microRNA-
mediated cleavage of host mRNAs by binding AGO1, leading to symptom-like phenotypes.
This also triggers AGO2-mediated antiviral resistance and resistance to the aphid vectors of
CMV. However, in authentic viral infections it appeared that the Fny-CMV 1la protein
modulates 2b-AGO1 interactions, inhibiting induction of AGO2-mediated virus resistance and
aphid resistance (Section 1.4.2). In this work I sought to obtain a deeper mechanistic

understanding of these interactions between the 2b protein, the 1a protein, and AGO1.

Despite the work of Westwood et al. (2013) which used doubly transformed 2b/1a-transgenic
A. thaliana plants to show that the 1a protein inhibits the induction of antibiosis against aphids,
it was not clear if the inhibitory effect of the 1a protein was due to a direct interaction with the
2b protein, or if it was mediated via interaction(s) of the la protein with host factor(s).
Continuing the work of a colleague (Watt, 2020), I used confocal laser scanning microscopy
and bimolecular fluorescence complementation to confirm that a direct interaction between
Fny-CMV la and 2b proteins regulates the 2b-AGO1 interaction, and that this can occur
without inhibiting the VSR activity of the 2b protein (Watt et al., 2020). Importantly, I also
showed that this interaction between the Fny-CMV 1a and 2b proteins occurs in P-bodies (Watt
et al., 2020). In response to a suggestion of one of the reviewers of the first version of Watt et
al. (2020), I attempted to demonstrate the presence of this interaction under the conditions of a

viral infection using infectious clones but encountered technical difficulties that rendered the
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effort unsuccessful. This work has been described in Chapter 3 of this thesis and published in

Watt et al. (2022), a copy of which is in Appendix 1.

In contrast to the Fny-CMV 2b protein, the 2b proteins encoded by the Subgroup II strain LS-
CMYV and by the recently discovered Subgroup IA strain Ho-CMYV induce almost no symptoms
in infected 4. thaliana plants. I tested whether the reported differences in symptom induction
corresponded to differences in the ability of the CMV 2b proteins to interact with either CMV
la or AGOI1 proteins. I showed using confocal laser scanning microscopy, bimolecular
fluorescence complementation and co-immunoprecipitation that Fny-CMV and Ho-CMV 2b
proteins interact with Fny-CMV and LS-CMV 1la proteins whilst the CMV-LS 2b protein
cannot. However, Fny-CMV, Ho-CMV and LS-CMV 2b proteins all interacted with AGOI,
but while AGO1-Fny2b complexes occurred in the nucleus and cytoplasm, corresponding
AGOI1-2b complexes for LS-CMV and Ho-CMV accumulated almost exclusively in nuclei.
AGQO? transcript accumulation was used to assess inhibition of AGO1-mediated mRNA
degradation. Fny-CMV 2b induced a five-fold increase in AGOZ2 accumulation, but LS-CMV
and Ho-CMYV 2b proteins induced only two-fold increases. Thus, these 2b proteins bind AGO1
but are less effective at inhibiting AGO1 activity. I concluded that the intracellular localisation
of 2b-AGO1 complexes influences the degree to which 2b proteins inhibit microRNA-
mediated host mRNA degradation and that cytoplasmic AGO1 has the strongest influence on

miRNA-mediated cellular mRNA turnover. This work is described in Chapter 4 of this thesis.

The region(s) within the CMV 2b protein responsible for binding to AGO1 or CMV la protein
have not previously been demonstrated. I showed that the region between residues 56-60 in the
Fny-CMV 2b protein is important for its interaction with the CMV 1a proteins, AGO1 protein,
other Fny-CMV 2b proteins and its VSR activity. However, I found evidence that multiple

regions influence the interaction of Fny-CMV 2b protein with AGO1 and la proteins and it
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may not be possible to pinpoint a single region responsible for the interaction with AGO1.
Finally, I found that the Fny-CMV 2b protein is predicted to be intrinsically disordered with
the region 48-60 representing a predicted disordered interacting domain. The 2b proteins from
subgroup IA CMV strains are more disordered than those from subgroup II strains which may
account for many observed differences between CMV strains. However, experimental data
provided contradictory information on whether the Fny-CMV 2b protein is intrinsically

disordered.

7.2 The Fny-CMV 1a protein re-localises a proportion of the 2b protein to P-bodies and

thereby regulates the 2b-AGO1 interaction

Interaction of VSRs with AGOI1 can be an effective means of interfering with RNA silencing
as seen with the poleroviruses PO protein, the tomato ringspot virus coat protein and the
potexvirus P25 triple-block protein which induce degradation of AGO1 (Pazhouhandeh et al.,
2006; Baumberger et al., 2007; Bortolamiol et al., 2007; Chiu et al., 2010; Csorba et al., 2010;
Karran and Sanfacon, 2014) as well as the CMV 2b protein, which can inhibit its RNA cleavage
and translation inhibition activities (Section 1.3.3). However, binding of the 2b protein to
AGOI activates a ‘booby-trap’ mechanism which upregulates the antiviral RNA silencing
activity of AGO2 against CMV (Harvey et al., 2011). In A. thaliana, the inhibition of AGO1
activity by Fny-CMV 2b proteins increases antiviral silencing through the resultant de-
repression of AGO2 which triggers the establishment of another layer of antiviral silencing
(Westwood et al., 2013). Additionally, interactions between the Fny-CMV 2b protein and
AGOI1 can also have detrimental effects on plant phenotype as shown in 2b-transgenic A.
thaliana plants which displayed root and shoot stunting, and developmental abnormalities
(Zhang et al., 2006; Lewsey et al., 2007). These phenotypes are exaggerated compared with

those seen in Fny-CMV-infected, non-transgenic plants due to the effects of the Fny-CMV la
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protein (Lewsey et al., 2007; Westwood et al., 2013). This leads to the question of how are

these exaggerated virus-induced phenotypes moderated in plants infected with CMV?

My work helped provide an answer to this question by demonstrating that a direct interaction
between Fny-CMV 1la and 2b proteins regulates the 2b-AGO1 interaction without inhibiting
the ability of the 2b protein to act as a viral suppressor of RNA silencing (VSR) (Chapter 3;
Watt et al., 2020). I demonstrated that the Fny-CMV 1la protein regulates the 2b-AGOI1
interaction by recruiting a portion of the CMV 2b proteins to P-bodies. This effectively limits
the amount of CMV 2b protein available to interact with AGO1 in the nucleus and cytoplasm
and provides a means by which Fny-CMV can prevent induction of defence or limit symptom
severity (summarised in Figure 7.1). Whether the localisation of the Fny-CMV 1a protein to
P-bodies serves only as a site to sequester CMV 2b proteins into or whether P-bodies play a

previously unknown role in CMV infection warrants further study.
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Figure 7.1. A working model for how the interaction between the cucumber mosaic 1a
and 2b proteins regulates the 2b-mediated inhibition of AGO1 activity. The primary
function of the cucumber mosaic virus (CMV) la protein is to complex with the 2a RNA-
dependent RNA polymerase protein and to function as a virally encoded component of the
CMYV replicase complex (Seo et al., 2019). The 2b protein facilitates accumulation of 1a and
2a proteins through its VSR activity, primarily achieved through binding to virus-derived
siRNAs (Gonzalez et al., 2010). The 2b protein also binds to AGO1 and disrupts a series of
miRNA regulated pathways which de-represses antibiosis against CM'V’s aphid vectors, which
is unfavourable for CMV transmission (Westwood et al., 2013). It also de-regulates AGO1
activity which leads to induction of developmental abnormalities (Du et al., 2014), and
increased accumulation of AGO2, which triggers an additional layer of resistance to CMV
(Harvey et al., 2011). This model shows how the 1a protein regulates the interaction of the 2b
VSR with AGOI. Inhibiting the 2b-AGO1 interaction is proposed to prevent antibiosis
induction. The 1a protein binds to the CMV 2b protein but most 2b protein molecules are not
bound to 1a, and so 2b-mediated VSR activity is not entirely suppressed (blunt arrow). There
is no evidence that the 1a-2b interaction inhibits the ability of the bound 2b to suppress antiviral
silencing, but it cannot be ruled out (hence the blunt arrow is dashed in this diagram). This
model proposes that 1a-2b complex formation moderates the inhibitory effect of the 2b protein
on AGOI1. Key: blunt arrows indicate negative regulation or inhibition, and the blue arrows
indicates activation/de-repression. Diagram from Watt et al. (2020).
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7.3 P-bodies may play a role in CMYV replication

P-bodies play roles in mediating mRNA decapping and decay, and in miRNA-induced RNA
slicing by AGO proteins, and P-body formation is increased as a consequence of RNA
silencing (Eulalio et al., 2007; Kulkarni et al., 2010). A population of P-bodies associates with
membranes, which may be significant because positive-sense viruses replicate in remodelled
membranes (Nagy and Pogany, 2012; Seo et al., 2019). In yeast, replicons derived from BMV
RNAs 2 and 3 were shown to be directed to P-bodies by cis-acting RNA sequences (Beckham
et al., 2007), where the P-body associated complex LSm1-7 regulates BMV RNA translation
and viral replication (Galao et al., 2010). The interaction of P-bodies with cell membranes
could facilitate interactions between the viral components associated with P-bodies and the
membrane-bound BMV 1a protein, thereby leading to the assembly of the replication complex
(Wang et al., 2005; Beckham et al., 2007; Galao et al., 2010). In the case of CMV, RNA
replication has been shown to occur at the tonoplast in tobacco and cucumber (Cillo et al.,
2002). This process is initiated when CMV 1la protein molecules recruit CMV 2a protein
molecules from cytoplasmic and membrane associated fractions (Gal-On et al., 1994) to the
tonoplast membrane to form the viral replicase complexes (Hayes and Buck, 1990; Cillo et al.,
2002; Seo et al., 2019). I suspect that it is possible that P-bodies also play a role in CMV

replicase assembly.

7.4 Interactions between 1a and 2b proteins from different CMYV strains may shed light

on the mechanism by which CMV modifies plant-aphid relationships

As with infected 4. thaliana plants, feeding deterrence is also induced in infected tobacco
plants but this occurs via a different mechanism whereby the la protein induces feeding
deterrence and the 2b protein suppresses it. My observation that the LS-CMV 2b protein does

not appear to interact with the CMV 1la proteins of either Fny-CMV or LS-CMV may help
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clarify the mechanism by which the 2b proteins of either LS-CMV or Fny-CMV inhibit the
induction of antibiosis against aphids in infected tobacco plants. Infection of tobacco plants
with a mutant of Fny-CMV unable to express the 2b protein (Fny-CMVA2b) induces antibiosis
against M. persicae (Ziebell et al., 2011). The viral protein responsible for inducing this anti-
aphid resistance in tobacco is the Fny-CMV 1a protein, but induction of resistance can be
prevented by either the Fny-CMV 2b protein or by the LS-CMV 2b protein (Tungadi et al.,
2020). Arinaitwe and colleagues (2023) proposed alternative hypotheses to explain how 2b
proteins impede induction of resistance to aphids in tobacco: through inhibition of jasmonate-
dependent signalling (Lewsey et al., 2010; Westwood et al., 2014), or through formation of 2b-
la protein-protein complexes to prevent the 1a protein interacting with a host factor (based on
Watt et al., 2020). Since we show here that the LS-CMV 2b protein does not bind to the Fny-
CMV la protein, it follows that in tobacco plants the 2b proteins of Fny-CMV and LS-CMV

likely inhibit 1a protein-induced aphid resistance by inhibition of jasmonate-induced defences.

7.5 The general importance of 2b protein localisation in determining in planta activity

The in vivo localisation of viral proteins is a key determinant of their ability to function and
therefore the localisation of CMV 2b proteins is closely linked to VSR activity and symptom
severity (Li et al., 2000; Du et al., 2014a). In CMV subgroup IA strains, such as SD-CMV and
Fny-CMYV, there are two arginine-rich sequences in the 2b protein responsible for determining
nuclear localisation, which occupy residues 22-27 and 33-36 (Lucy et al., 2000; Mayers et al.,
2000) as well as a more recently analysed leucine rich NES between residues 77-87 (Kim et
al., 2022). Additionally, the conserved KSPSE and GSEL sequences (residues 39-43 and 62-
65 of the Fny-CMV 2b protein, respectively) have been shown to be required for nucleolar
localisation (Duan et al., 2012; Gonzalez et al., 2012). Localisation of the CMV 2b protein is
controlled, in part, by the phosphorylation status of the CMV 2b protein which controls its

import and export from the nucleus (Nemes et al., 2017; Kim et al., 2022) and phosphorylation
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of serine residues 40, 42 and 28 have been shown to influence nuclear localisation (Lewsey et
al.,2009; Nemes et al., 2017; Kim et al., 2022). Interestingly, several of the amino acid residues
where the Ho-CMV 2b sequence differs from other Subgroup IA CMV sequences are
substitutions of serine with other amino acids (Section 4.3.1; Figure 4.1) and two of these
substitutions (L77 and P80) lie within the newly characterised NES sequence between residue
77-87 (Kim et al., 2022). Therefore, I speculate that the amino acid differences found in Ho-
CMYV (compared to Fny-CMV) cause reduced phosphorylation of the protein which leads to

increased nuclear presence and decreased symptom induction.

The interaction of the CMV 2b protein with the plant defence protein AGO1 and interference
with plant miRNA pathways is thought to be an important means by which symptoms are
induced by CMV (Zhang et al., 2006; Lewsey et al., 2007; Siddiqui et al., 2008; Du et al.,
2014b). The 2b proteins from different viral strains of CMV, such as LS and Fny, induce very
different symptom severity (Shi et al., 2002; Lewsey et al., 2007; Mochizuki and Ohki, 2011).
The Ho-CMV 2b protein induces much milder symptoms in infected plants or when
transgenically expressed (Takahashi et al., 2022), despite sharing very high sequence similarity
to the Fny-CMV 2b protein. I initially hypothesised that this difference in symptom severity
may be the result of an inability of the Ho-CMV 2b protein to interact with AGO1. However,
my results suggest that differences in symptom induction may follow from differences in
localisation patterns of the 2b protein from the three CMV strains (Chapter 4). Thus, greater
nuclear accumulation of LS-CMV and Ho-CMV 2b proteins (c¢f- Fny-CMV 2b) may decrease
opportunities for interaction with cytoplasmic AGO1 and explain why they disrupt miRNA -
regulated gene expression to a lesser extent. Therefore, a possible interpretation is that nuclear-
localised AGO1 has a less important role in miRNA-mediated regulation of mRNA
accumulation. This fits with the current thinking that degradation of miRNA occurs outside the

nucleus (Li, S. et al., 2016; Ma and Zhang, 2018) and supports the idea that the reduced
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disruption of miRNA regulation by 2b proteins from Subgroup II CMYV strains is due to their
greater degree of nuclear localisation (Du et al., 2014a). Both LS-CMV and Ho-CMV 2b
proteins increased AGO?2 levels to some extent which suggests that there may be a threshold
of inhibition of AGOI activity; required for CMV 2b proteins to be able to disrupt
developmental phenotypes, as seen in transgenic plants expressing Subgroup IA CMV 2b

proteins, or in plants infected by Subgroup IA CMYV strains (Lewsey et al. 2007).

7.6. Residues 56-60 play a key role in the interactions of CMV 2b with CMV 1a and AGO1

The CMV 2b protein is highly multifunction and many of these functions have been attributed
to distinct regions of the protein. Previous work on the SD-CMV 2b protein found that
mutations in different regions had distinct effects on suppression of AGO1-mediated slicing,
siRNA-mediated RNA silencing and DNA methylation (Duan et al., 2012). However, different
regions of the CMV 2b protein can also have epistatic effects on virus biology such as the

influence of nuclear localisation on VSR activity described above (Section 7.5).

The recently discovered interaction between the CMV la and 2b proteins of Fny CMV
(Chapter 3) has been proposed as a mechanism to decrease the proportion of the CMV 2b
protein interacting with AGO1 and thereby reduce the induction of defence mechanisms (Watt
et al., 2020). This interaction has only been observed for the Fny strain of CMV and not the
LS strain (Chapter 4). I identified a region of the Fny-CMV 2b protein between residues 56-60
which appears to play a key role in mediating the interactions of the 2b protein with CMV 1la
and AGOI proteins as well as playing a role in mediating the 2b protein’s VSR function (Figure
7.2). The involvement of residues 56-60 in the interaction of Fny-CMV with both CMV 1a and
AGOI1 proteins may explain the ability of the 1a protein to compete with 2b for binding to
AGOLI (Section 7.2) but it may also hint at a more general structural importance of this region

for the CMV 2b protein.
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Figure 7.2. A map of the Fny-CMYV 2b protein updated to include proposed new domains.
Previously characterised domains are shown in grey and newly proposed domains 39-48 and
56-60 are shown in blue. Biological roles of sequences or residues are indicated on the left.
Previously characterised biological roles of sequences are shown as grey boxes (see Figure 1.3
for full details). Newly proposed domains with a strong effect on a biological function of the
Fny-CMV 2b protein are coloured dark blue and domains with a partial effect on a biological
function of the Fny-CMV 2b protein are light blue. The map shows the strong effect of residues
56-60 on the interaction of Fny-CMV 2b with Fny-CMV 1la and AGO1 proteins and on VSR
activity as dark blue boxes. The strong influence of residues 39-48 on the 2b-AGO1 interaction
is also indicated by a dark blue box. The weaker influence of the C-terminal domain of Fny-
CMV 2b on interactions with AGO1 and Fny-CMYV 1a is shown by light blue boxes as is the
partial influence of residues 56-60 on 2b-2b self-interaction.
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7.7 The presence of intrinsically disordered secondary structure may frustrate attempts

to attribute some CMYV 2b protein functions to discrete domains

The 2b protein has been thought of as being composed of distinct domains with specific roles
(Carr and Murphy, 2019; Rattan et al., 2022) but this may not be the best approach. Modelling
and CD data (chapter 6) predicts that the 2b protein of Fny-CMV contains large intrinsically
disordered protein regions which lack a stable structure and exist instead as conformational
ensembles (Holmes, 1983; Dunker and Obradovi¢, 2001). Disordered regions are often induced
to fold and become structured following interactions with small-molecule ligands, such as
nucleic acids, other proteins or posttranslational modifications (Holmes, 1983; Dunker and
Obradovi¢, 2001). It is possible that many of the interactions of the Fny-CMV 2b protein are
mediated by the formation of such temporarily structured regions when bound to RNA, AGO1
proteins, CMV la proteins or other CMV 2b proteins. For example, the coat protein of TMV
possesses a 25-residue positively charged intrinsically disordered region which undergoes
disorder-to-order transition upon binding to RNA during virus assembly (Holmes, 1983). The
importance of disordered proteins in viruses is likely to be far greater than currently suggested

(Davey et al., 2011).

The region between residues 48-60 is predicted to be a region which forms an ordered structure
following interactions with other proteins. This region appears to be essential for a broad range
of functions and interaction and mutations within this region have been suggested to disrupt
CMV 2b-2b self-interaction and VSR activity and my results here implicate them in AGO1
and CMV 1a interactions. The disordered nature of the Fny-CMV 2b protein would also
explain why it has been difficult to determine the specific residues responsible for the
interaction between CMV 2b and AGOI1 using a classical approach since intrinsically

disordered proteins do not fit into the typical paradigm of structure-function with many regions
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of disorder often binding to one structured partner (Wright and Dyson, 1999; Dunker et al.,
2005; Tompa and Fuxreiter, 2008). A key feature of intrinsically disordered proteins is their
ability to interact with multiple partners (Dunker et al., 1998; Ulrich et al., 2008) which would
explain the multitude of proteins CMV 2b is able to interact with (Ham et al., 1999; Gonzélez
etal., 2010; Inaba et al., 2011; Nakahara et al., 2012; Wu etal., 2017; Watt et al., 2020; Kumari
et al.,, 2021; Rattan et al., 2022). In addition to my modelling predictions, a number of
observations point towards the disordered nature of the Fny-CMV 2b protein such as the
difficulties of obtaining X-ray crystal structures (Gellért et al., 2012), toxicity following
overexpression (Ma et al., 2010; Sueda et al., 2010) and differences observed in its predicted
and apparent masses with SDS-PAGE (Gonzélez et al., 2010) which all represent hallmarks of
intrinsically disordered proteins (Nadassy et al., 1999; Ebert et al., 2008; Vavouri et al., 2009;

Oldfield et al., 2013).

Another interesting feature of intrinsically disordered proteins is their ability to phase separate
and enter membrane-free organelles composed of protein-rich droplets. The 2b protein of Fny-
CMV has been shown to localise to two such compartments, P-bodies and the nucleolus
(Brangwynne et al., 2009; Gonzalez et al., 2010; Mitrea and Kriwacki, 2016; Brady et al., 2017;
Watt et al., 2020), indicating its ability to phase-separate. It is possible that the interaction
between Fny-CMV 2b and 1a proteins leads to a phase separation (Li et al., 2012) and its lack
of occurrence in the LS strain of CMV may relate to an overall reduction in disorder-promoting
residues rather than the presence or absence of a specific domain. The ability of the 1a-2b
complex to undergo phase transition may also account for the observations that the complexes
formed between Fny-CMV 2b and Fny-CMV 1la proteins localise to P-bodies while the
complexes formed between Fny-CMV 2b and LS-CMYV 1a proteins localise to the cytoplasm

and nucleus (Chapter 4).
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7.8 Future work

7.8.1 The potentially disordered nature of the CMV 2b protein warrants further

investigation

Further work should seek to complete characterisation of the disordered nature of the CMV 2b
protein and determine the importance this plays in mediating its effects. Future work should
also aim to obtain data on how the disordered nature of the Fny-CMV 2b protein changes when
bound to RNA (a key means by which it inhibits plant defence) or when forming self-
interacting complexes. These results will help inform the ongoing debate as to whether
disordered proteins mediate their effects in a state of disorder or only after forming transiently
ordered structures following association with ligands or binding partners. The presence of
defined sites within the 2b protein which upon disruption prevent the RNA-binding or self-
interacting properties of the 2b protein make it an ideal model from which to investigate this
further. This work could begin by making larger mutations in the 2b sequence to assess which
regions of the Fny-CMV 2b protein confer its disordered nature (with likely candidates lying
within the C-terminal half) and attempt to determine the effects of expressing these mutated
versions of Fny-CMV 2b on symptom induction. It would also be useful to investigate the
importance of disorder in determining differences in symptom severity between different CMV
2b proteins (from LS or Fny strains) by first confirming if the LS version of CMV 2b is less
disordered (through CD analysis) and subsequently generating chimeric versions of the LS and
Fny 2b proteins. Finally, it would be useful to generate a catalogue of plant viral proteins with

predicted regions of disorder to inform further study in this emerging area.

7.8.2 Infectious clones expressing tagged viral proteins

It would be desirable to be able to simultaneously image the CMV 2b and la proteins in an

infected plant, instead of in tissues transiently expressing the two proteins. This would allow
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confirmation of the biological relevance of the 1a-2b interaction during CMV infection and
inform at which stage(s) of infection the interaction occurs (Section 1.7). However, expression
from infectious clones may require the use of different tags such as tetracysteine tags for
biarsenical labelling or the fusion of GFP or RFP tags to different termini of the proteins.
However, the apparent suppressive effects of the addition of a fluorescent tag to the CMV 1la
protein on its ability to function as a component of the viral replicase (Section 3.2.4) may render
this approach impossible. Additionally, a novel phenotype was observed for fluorescently
tagged CMV 2b protein when expressed from infectious clones (Figure 3.8). The CMV 2b
protein was seen to concentrate into membranous masses and display a ‘lumpy’ phenotype
with clusters of dark circles in the cytosol relating to chloroplasts. Further work could
investigate this novel 2b-phenotype and what it may relate to. The visualisation of this new
phenotype may provide new insight into the CMV replication cycle within plant cells and could

have far reaching implications for understanding host-virus interaction in a range of systems.
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Appendix I: Contributions to Watt et al. (2020) publication

Appendix listing my contributions to the paper entitled “The cucumber mosaic virus 1a protein
regulates interactions between the 2b protein and ARGONAUTE 1 while maintaining the

silencing suppressor activity of the 2b protein”

. A full PDF copy of the publication can be

found at the end of this document. All statistical analysis and the majority of the florescence
work and conclusions drawn therein was first conducted by myself. All Co-IP studies and the
majority of cloning work was conducted by Lewis Watt. Specific details of contributions to the

work are detailed below (Table S1).

Table S1. Contribution to Figures from the Watt et al., 2020 paper.

Data Figures

Contribution

Fig 1. The effects on aphid reproduction of
cucumber mosaic virus (CMV) infection and
transgenic expression the CMV 1la and 2b
proteins in Arabidopsis thaliana.

None

Fig 2. Sub-cellular localization of the
cucumber mosaic virus la and 2b proteins.

Joint (original results carried out by myself
and subsequent repeats carried out by Lewis
Watt)

Fig 3. The P-body marker DCP1 localizes
with the cucumber mosaic virus 1a protein.

Joint (original results carried out by Lewis
Watt and subsequent repeats carried out by
Myself)

Fig 4. Subcellular localization of cucumber
mosaic virus la and 2b proteins co-expressed
transiently by agroinfiltration.

Joint (original results carried out by myself
and subsequent repeats carried out by Lewis
Watt)

Fig 5. The cucumber mosaic virus 1a and 2b
proteins both exhibit self-interaction and
interact with each other in planta.

Full (All my imaging was conducted by
myself but cloning work was conducted by
Lewis Watt)

Fig 6. Complexes of the cucumber mosaic
virus la and 2b proteins co-localize with two
P-body markers.

Full (All imaging and cloning work)

inhibits the 2b protein from binding to AGO]1.

Fig 7. Association of the cucumber mosaic None
virus la and 2b proteins in planta

demonstrated by co- immunoprecipitation.

Fig 8. The cucumber mosaic virus la protein | None

Fig 9. The cucumber mosaic virus la protein
does not affect the RNA silencing suppressor
activity of the 2b protein.

Joint (Co-IP work conducted by Lewis Watt
and analysis and expression assay were
conducted by myself)

S1 Fig. The 1a protein does not alter the
localization of free GFP.

Joint (original results carried out by Lewis
Watt and subsequent repeats carried out by
Myself)

S2 Fig. The cucumber mosaic virus la protein
interacts with itself and the 2a protein but not
with AGO1.

Joint




S3 Fig. There is decreased fluorescence from | Joint
the in planta interaction between sYFPn-2b
and sYFPc-AGOI in the presence of the
cucumber mosaic virus la protein.

S4 Fig. Association of the 1a and 2b proteins | None
in planta demonstrated by co-
immunoprecipitation.

S4 Fig. Association of the 1a and 2b proteins | None
in planta demonstrated by co-
immunoprecipitation.
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Abstract

The cucumber mosaic virus (CMV) 2b viral suppressor of RNA silencing (VSR) is a potent
counter-defense and pathogenicity factor that inhibits antiviral silencing by titration of short
double-stranded RNAs. It also disrupts microRNA-mediated regulation of host gene expres-
sion by binding ARGONAUTE 1 (AGO1). But in Arabidopsis thaliana complete inhibition of
AGO1 is counterproductive to CMV since this triggers another layer of antiviral silencing
mediated by AGO2, de-represses strong resistance against aphids (the insect vectors of
CMV), and exacerbates symptoms. Using confocal laser scanning microscopy, bimolecular
fluorescence complementation, and co-immunoprecipitation assays we found that the CMV
1a protein, a component of the viral replicase complex, regulates the 2b-AGO1 interaction.
By binding 2b protein molecules and sequestering them in P-bodies, the 1a protein limits the
proportion of 2b protein molecules available to bind AGO1, which ameliorates 2b-induced
disease symptoms, and moderates induction of resistance to CMV and to its aphid vector.
However, the 1a protein-2b protein interaction does not inhibit the ability of the 2b protein to
inhibit silencing of reporter gene expression in agroinfiltration assays. The interaction
between the CMV 1a and 2b proteins represents a novel regulatory system in which specific
functions of a VSR are selectively modulated by another viral protein. The finding also pro-
vides a mechanism that explains how CMV, and possibly other viruses, modulates symptom
induction and manipulates host-vector interactions.

Author summary

Cucumber mosaic virus (CMV) causes disease in over a thousand plant species including
many crops. Aphids, insects with probing mouthparts that introduce virus particles
directly into host cells, transmit CMV between plants. The 2b protein is the smallest pro-
tein encoded by CMV but has multiple functions. The 2b protein can disrupt the host
RNA silencing pathways. These comprise mechanisms that regulate host gene expression
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(using microRNAs) and that degrade viral RNA molecules (using short-interfering
RNAs). The 2b protein can bind to short-interfering RNAs to inhibit host resistance to
virus infection and it can also bind the host protein Argonaute 1, disrupting microRNA-
regulated host gene expression. However, in Arabidopsis thaliana excessive inhibition of
Argonaute 1 activity may trigger excessive damage to the host, enhance CMV resistance,
and render plants toxic to aphids, which may be deleterious to virus transmission. We
found that another CMV protein, the la protein (a component of the CMV replication
machinery), binds to 2b protein molecules and limits 2b-Argonaute 1 interactions without
causing any detectable impairment of the ability of the 2b protein to counteract antiviral
RNA silencing. This allows CMV to inhibit resistance against itself and its vectors, while
preventing excessive damage to its host plant.

Introduction

Cucumber mosaic virus (CMV) is agronomically important and has one of the largest viral
host ranges (>1,000 species) [1]. CMV has a tripartite positive-sense RNA genome [2,3].
RNALI encodes the 110kDa la protein, which has methyltransferase and helicase activity, and
forms part of the viral replicase complex [4-7]. The 1a protein also influences viral systemic
movement and symptom severity [8-10]. RNA2 has two open reading frames (ORFs). The 5-
proximal ORF of RNA2 encodes another replicase complex component, the 97 kDa 2a protein,
which has RNA-dependent RNA polymerase activity [4-7]. The 3’-proximal ORF of RNA2
encodes the 2b protein, which has a predicted mass of 12-13 kDa but migrates with an appar-
ent mass of ¢. 17 kDa in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) [11]. The 2b protein is multifunctional but is best known as a viral suppressor of
RNA silencing (VSR) [2,12]. RNA silencing is an important antiviral mechanism but the 2b
protein also disrupts resistance mediated by the defense and stress-related phytohormones
salicylate, jasmonate, and abscisic acid; the latter two also being important signals in defense
against insects [13-19]. CMV RNA3 has two ORFs that, respectively, encode the movement
and coat proteins [2,3].

Taxonomically, Cucumber mosaic virus is the type species of the genus Cucumovirus in the
family Bromoviridae [1]. Based on RNA sequence data most CMV strains can be classified into
two major Subgroups (I and II), and Subgroup I strains can be further assigned to Subgroups
IA and IB [2,3,20]. Within Subgroups, the 2b protein amino acid sequences are highly con-
served [11,21]. Although all CMV 2b proteins can accumulate in the host cell nucleus, the 2b
proteins encoded by CMV strains in Subgroups IA and IB also associate with the nucleolus,
cytoplasm and cytoskeleton [11,21-23].

The VSR activity of cucumoviral 2b proteins arises predominantly from binding double-
stranded (ds) short-interfering RNAs [siRNAs], which requires 2b dimer or tetramer forma-
tion in vivo [24-28]. However, 2b proteins from Subgroup I also bind ARGONAUTE (AGO)
proteins 1 and 4 [23,25,26,29,30]. CMV-induced developmental symptoms are conditioned
partly through 2b-AGO1 interactions and consequent interference with microRNA (miRNA)-
regulated gene expression [30-33], and via unknown effects that 2b proteins exert in the
nucleus [22].

Aphids of over 80 species vector CMV in the non-persistent manner, i.e., virions bind to
receptors within the aphid stylet and are acquired and lost rapidly during short probes of plant
epidermal cells [34,35]. Rapid, local transmission is most efficient when aphids alight briefly
on infected plants, sample the epidermal cell contents and disperse [36-38]. However,
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epidemiological modeling indicates that while rejection of a host following a brief sampling
feed encourages rapid localized virus transmission by wingless aphids, settlement and repro-
duction of aphids on plants will eventually favor longer distance virus dissemination by
winged aphids [36].

CMV seems to be able to manipulate host-aphid interactions to promote its own transmis-
sion [36-41]. The effects of CMV on plant-aphid interactions are host-specific. For example,
in squash (Cucurbita pepo) and tobacco (Nicotiana tabacum) the Subgroup IA CMV strain
Fny (Fny-CMV) induces changes in the emission of plant volatile organic compounds (VOCs)
and those produced by infected cucurbits have been shown to influence aphid foraging behav-
ior [42-44]. Fny-CMV induces production of distasteful substances (antixenosis) in squash
and Arabidopsis thaliana plants. Antixenosis promotes virus acquisition from epidermal cells,
inhibits phloem feeding, and promotes aphid dispersal [36,41,43].

The 2b protein influences host-aphid interactions [18,40,41,45]. In tobacco, the mutant
virus CMVA2b (which cannot express the 2b protein) induces strong anti-aphid resistance
(antibiosis) that increases the mortality of aphids (Myzus persicae) [40]. In tobacco the 1a pro-
tein 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 pro-
tein [40,46]. However, the Fny-CMV 2b protein appears to have the opposite effect in Arabi-
dopsis. Constitutive expression of the Fny-CMV 2b protein in transgenic Arabidopsis plants
induces antibiosis [41]. Since Arabidopsis AGO1 negatively regulates antibiosis against aphids,
it was concluded that 2b-induced antibiosis results from the interaction of the Fny-CMV 2b
protein with AGO1 [41,47]. However, the 2b protein is not responsible for the antixenosis
induced in Arabidopsis by Fny-CMV infection [41]. Instead, the Fny-CMV 2a protein triggers
increased biosynthesis of methoxy-indol-3-yl-methylglucosinolate, which discourages aphids
from prolonged phloem feeding [41].

How is 2b-induced antibiosis prevented during CMV infection of Arabidopsis? Co-
expression of 1a and 2b proteins in transgenic plants inhibited aphid resistance and also ame-
liorated the 2b-induced developmental abnormalities that occur in 2b-transgenic Arabidopsis
plants [32,41]. This suggested that the CMV la protein negatively regulates the ability of the 2b
protein to inhibit AGO1 activity [41]. We investigated 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 VSR activity of the 2b protein, or just its ability to interact with
AGOL.

Results
The CMYV 1a protein inhibits 2b-induced resistance to aphid colony growth

Westwood and colleagues [41] showed that the growth of aphids (M. persicae) confined on 2b-
transgenic plants is inhibited but that this does not occur on doubly transformed Ia/2b-trans-
genic plants. We observed that another aphid performance indicator (aphid fecundity) was
also affected on transgenic plants expressing the 2b protein (Fig 1). Aphid colony growth on
2b-transgenic plants was significantly decreased compared to that on non-transgenic plants
but no reduction of colony growth occurred on Ia-transgenic plants or on double 1a/2b-trans-
genic plants (Fig 1). This shows that 2b-induced antibiosis affects not only the growth of indi-
vidual aphids but also their ability to reproduce, and that the CMV 1a can counter both 2b-
induced aphid resistance phenomena. These observations led us to investigate the possibility
that the 1a and 2b proteins interact with each other either directly, or indirectly, for example
by competing for binding to a cellular factor such as AGO1.
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Fig 1. The effects on aphid reproduction of cacumber mosaic virus (CMV) infection and transgenic expression
the CMV 1a and 2b proteins in Arabidopsis thaliana. Individual one-day-old Myzus persicae nymphs (n>16) 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 or transgenic plants constitutively expressing the CMV 2b protein (lines 2.30F and
3.13F [32]), the CMV 1a protein or both the 1a and 2b proteins [41]. Different letters are assigned to significantly
different groups (ANOV A with post-hoc Tukey’s tests, P<0.05). Error bars represent standard error of the mean.

https://doi.org/10.1371/journal.ppat.1009125.g001

Subcellular localization of 1a and 2b CMV proteins

To determine if a direct 1a-2b protein-protein interaction was likely, we studied the subcellular
distribution of proteins comprising the 2b or 1a sequences fused with either green fluorescent
protein (GFP) or red fluorescent protein (RFP) sequences. Fusion proteins were expressed
transiently in N. benthamiana leaves by agroinfiltration, and fluorescence was imaged by con-
focal laser scanning microscopy. The 2b-RFP was generated by fusing the 2b protein C termi-
nus with RFP, and GFP-2b by fusion of GFP to the N terminus of the 2b protein. Consistent
with previous investigations [23], 2b-RFP and GFP-2b accumulated in the nuclei and cyto-
plasm (Fig 2A and 2B). Fluorescently tagged versions of the 1a protein were made with N-ter-
minal fusions with either RFP (RFP-1a) or GFP (GFP-1a). Both RFP-1a and GFP-1a
aggregated as punctate ‘specks’ (Fig 2C and 2D). These specks consisted of individual foci that
also clustered to form larger aggregations. Some of the the 1a protein aggregates, as well as the
smaller 1a protein foci appeared to be localized in proximity of the cell membrane (Fig 2C, left
panel).
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Fig 2. Sub-cellular localization of the cucumber mosaic virus 1a and 2b proteins. The GFP-1a 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 [22,23],
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-localize with the cell membrane (E). Staining with ER-tracker (ER) did not indicate co-localization of GFP-1a with the
endoplasmic reticulum network (F).

https://doi.org/10.1371/journal.ppat.1009125.9002

To determine if the 1a protein associated with intracellular membranes, the styryl mem-
brane-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-localization between the larger 1a protein aggregates and
FM-4-64 dye (Fig 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
2E). No co-localization was observed between the GFP-1a and ER-tracker, indicating that the
la protein aggregations are not localized to ER-derived vesicles.

The orthologous 1a protein of brome mosaic virus (BMV) associates with cytoplasmic pro-
cessing bodies (P-bodies) [48]. We hypothesized that the CMV 1a protein also associates with
P-bodies, which would be consistent with the punctate distribution of the 1a protein (Fig 2C
and 2D). A. tumefaciens cells harboring the RFP-1a construct were co-agroinfiltrated with cells
carrying a construct encoding the P-body marker protein DCP1-GFP. When infiltrated indi-
vidually, RFP-DCP1 and DCP1-GFP formed punctate specks (Fig 3A). When DCP1-GFP was
co-agroinfiltrated with RFP-1a the two proteins were observed to strongly co-localize (Fig 3B).
Thus, a large portion of RFP-1a protein associated with P-bodies.

The 1a protein interacts directly with the 2b protein but not with AGO1 in
bimolecular fluorescence complementation assays

To assess if localization of 2b or 1a is altered when both viral proteins are present in vivo, 2b
and la proteins with different fluorescent tags were co-agroinfiltrated into N. benthamiana
leaves. When agroinfiltrated singly, fluorescence due to GFP-2b or 2b-REP proteins accumu-
lated in the cytoplasm and nucleus (Fig 4A and 4B). However, when co-expressed with 1a
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Fig 3. The P-body marker DCP1 localizes with the cucumber mosaic virus 1a protein. A. Fluorescence from
DCP1-GFP was observed as punctate specks with varying size. The localization pattern of DCP1-GFP resembled that
of RFP-1a, leading us to speculate that they may occupy the same subcellular compartment. RFP-DCP1 and
DCP1-GFP were observed in small foci associated with the periphery of the cell, presumably P-bodies. DCP1-GFP
fluorescence was brighter than DCP1-RFP so was used for co-localization experiments with RFP-1a (Panel B). B.
When RFP-1a was co-agroinfiltrated with DCP1-GFP we observed co-localization of the two proteins in some of the
specks.

https://doi.org/10.1371/journal.ppat.1009125.9003
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Fig 4. Subcellular localization of cucumber mosaic virus 1a and 2b proteins co-expressed transiently by
agroinfiltration. A, B, fluorescence derived from CMV 2b protein tagged at its N-terminus with GFP or C-terminus
with RFP. 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 additionally in specks that strongly co-localize with GFP-1a. This pattern of 1a and 2b co-
localization is similar to C suggesting that the localization of 1a and 2b proteins is not biased by the presence of either
GFP or RFP sequences.

https://doi.org/10.1371/journal.ppat.1009125.9g004
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protein, the fluorescent 2b proteins also co-localized to the fluorescent ‘specks’ (Fig 4C and
4E) observed for GFP-1a protein localization (Fig 4D). When the RFP-1a construct was co-
agroinfiltrated with a construct encoding free, unfused GFP (35S:GFP), we did not observe re-
localization of GFP to the sites where RFP-1a fluorescence accumulated (S1 Fig). Thus, la-2b
co-localization is specific and does not occur as a result of non-specific binding of GFP to the
la protein.

To visualize potential protein-protein interactions in planta, 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 bimolecu-
lar fluorescence complementation (BiFC) assays. Fluorescence derived from the reconstitution
of the YFP fluorophore after sYFPn-2b and sYFPc-2b self-interaction localized to the nucleus
and cytoplasm (Fig 5A). This pattern of fluorescence was similar to that observed with GFP-2b
and 2b-RFP (Fig 2A and 2B) and consistent with previous studies using sYFP-2b [23]. The dis-
tribution of fluorescence for sYFP-2b changed following co-agroinfiltration of untagged 1a
(Fig 5B) with fluorescence still visible in the nucleus and cytoplasm, but was additionally pres-
ent at the ‘specks’ previously observed with GFP/RFP-1a expression (Fig 2C and 2D). It was
previously shown that the N-terminal regions of the CMV and BMV 1a proteins self-interact
[49]. We confirmed self-interaction for the CMV 1a protein (S2 Fig), although the fluorescence
intensity was not as great as for the 2b-2b self-interaction.

BiFC with sYFPn-1a with sYFPc-2b constructs was used to determine if the 1a and 2b proteins
interact directly. Strong fluorescence was observed that localized as ‘specks’ (Fig 5C), showing a
similar pattern of fluorescence to that seen with GFP-1a and RFP-1a (Fig 2C and 2D). No fluores-
cence was observed when the sYFP halves were swapped at the N-terminal of the 1a and 2b fusion
proteins, suggesting that the interaction of 2b with 1a reconstitutes the YFP protein only in certain
conformations. When sYFP-1a and sYFP-AGO1 constructs were co-agroinfiltrated into N.
benthamiana leaves no fluorescence was observed, indicating there is no direct 1a protein-AGO1
interaction in planta (S2 Fig). The 1a-2a protein interaction is known to be required for formation
of an active replicase complex [49,50]. As an additional control, we confirmed the 1a-2a interac-
tion by co-agroinfiltration of sYFP-1a and sYFP-2a constructs, which resulted in observable fluo-
rescence that was localized to regularly sized small foci (S2 Fig).

The re-localization of the 2b protein by the 1a protein to P-bodies was further confirmed
using BiFC combined with imaging of the P-body marker DCP1-RFP, and an additional P-
body marker DCP2-RFP (Fig 6). Leaf tissue was co-infiltrated with A. tumefaciens cells harbor-
ing plasmids encoding either sYFPn-1a or sYFPc-2b, as well as cells carrying plasmids encod-
ing either DCP1-RFP or DCP2-RFP. Confocal scanning laser microscopy of agroinfiltrated
tissues confirmed that DCP1-RFP and DCP2-RFP accumulated in discrete specks, as expected
(Fig 6A and 6B). Complexes of the 1a and 2b protein revealed by BiFC were observed to co-
localize with both DCP1-RFP (Fig 6C), and with DCP2-RFP (Fig 6D). This further supports
our finding that the 1a protein can complex with the 2b protein and that it re-allocates this
portion of 2b protein pool to P-bodies.

Co-immunoprecipitation of the 1a and 2b proteins

The combination of co-localization and BiFC data suggests that the CMV 1a and 2b directly
interact in planta and led us to hypothesize that this interaction limits the ability of 2b to inter-
act with AGO1. To confirm the interaction between CMV 2b and 1a, we transiently expressed
GFP-2b together with RFP-1a in N. benthamiana. Three days after agroinfiltration, GFP-2b
proteins were immunoprecipitated using GFP-affinity beads and purified proteins were ana-
lyzed by western immunoblot analysis using antibodies raised against GFP or RFP (Fig 7; S4
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sYFPn-2b + sYFPc-2b
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Fig 5. The cucumber mosaic virus 1a and 2b proteins both exhibit self-interaction and interact with each other in
planta. The 2b and 1a proteins were tagged at their N-termini with split yellow fluorescent protein (sYFP) (sYFPn-2b,
sYFPc-2b, sYFPn-1a, and sYFPc-1a) to study protein-protein interactions in vivo by bimolecular fluorescence
complementation. When sYFPn-2b and sYFPc-2b were co-expressed transiently in N. benthamiana leaves, the
observed pattern of fluorescence showed mainly nuclear localization, but also presence in the cytoplasm (upper three
panels). 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 localized to the nucleus and diffusely in
cytoplasm however, there was an additional pattern of fluorescence observed as specks within the cytoplasm (middle
three panels). This suggests that the presence of 1a alters the localization of interacting sYFP-2b pairs possibly causing
them to co-localize with the 1a protein. When sYFPn-1a and sYFPc-2b were co-expressed, a strong fluorescent signal
was observed, which localized to distinct punctate specks within the cytoplasm, this pattern of localization was similar
to that observed with GFP-1a and RFP-1a (lower three panels).

https://doi.org/10.1371/journal.ppat.1009125.9005

Fig). We found that RFP-1a co-immunoprecipitated with GFP-2b, but not with the GFP-affin-
ity beads alone. Free GFP was used as a negative control to exclude the possibility that 1a inter-
acts non-specifically with GFP. As an additional control we tested the ability of AGO1 to
interact with the 1a protein in a co-immunoprecipitation assay (S5 Fig). AGO1-GFP was
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Fig 6. Complexes of the cucumber mosaic virus 1a and 2b proteins co-localize with two P-body markers. Constructs encoding either
of the fluorescently tagged P-body marker proteins DCP1-RFP or DCP2-RFP [76] were expressed in N. benthamiana leaves by
agroinfiltration either alone (A, B), or in leaves co-infiltrated with split YFP fusions for the CMV 1a and 2b proteins (C, D). Confocal
laser scanning microscopy was used to observe the localization of DCP1-RFP and DCP2-RFP, and the YFP signal from complexes
formed between sYFPn-1a and sYFPc-2b. To facilitate visualization of the localization of the DCP1-RFP and DCP2-RFP P-body
markers versus that of sYFPn-1la-sYFPc-2b complexes in merged images, the YFP fluorescence signals have been false-colored green.
sYFPn-1a-sYFPc-2b complexes localized exclusively to P-bodies.

https://doi.org/10.1371/journal.ppat.1009125.9006

unable to co-immunoprecipitate the RFP-1a protein, which is consistent with BiFC results for
AGOI1 and 1a that indicated that 1a and AGO1 do not interact directly in planta (S2 Fig). To
further investigate the ability of the 1a protein to inhibit the 2b-AGO1 interaction, we carried
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Fig 7. Association of the cucumber mosaic virus 1a and 2b proteins in planta demonstrated by co-
immunoprecipitation. 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-
REP antibodies to detect RFP-1a. RFP-1a could be detected in both input samples with a corresponding band of
approximately 138kDa. After Inmunoprecipitation 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. Imaged bands displayed are from the same
blot but exposed to X-ray film for different periods for clarity. Original blots are shown in $4 Fig for comparison.

https://doi.org/10.1371/journal.ppat.1009125.9007

out a competitive binding experiment. Increasing amounts of A. tumefaciens cells carrying the
la protein sequence were co-agroinfiltrated with cells carrying 2b-RFP and AGO1-GFP cod-
ing sequences, and the ability of AGO1 to co-immunoprecipitate 2b was quantified using
densitometry (Fig 8). We observed that when the 1a protein was present, AGO1 co-immuno-
precipitated a smaller proportion of the 2b protein, supporting 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 interaction between AGO1 and the 2b protein, sYFP-tagged 2b and
AGOL constructs were co-infiltrated. We observed that addition of the 1a protein significantly
reduced the intensity of fluorescence due to reconstitution of the YFP fluorophore after
sYFPn-2b and sYFPc-AGOL1 interaction (S3 Fig). It should be noted that there is some indica-
tion that in these assays the presence of the 2b protein may be increasing la protein accumula-
tion, which is most likely explained through the stabilization of Ia transcripts by the VSR
activity of the 2b protein.

The 1a protein alters 2b protein localization but does not affect 2b RNA
silencing suppressor activity

To determine if the 1a protein inhibits the VSR activity of the 2b protein, 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 9). Following agroinfiltration,
transient accumulation of free GFP fluorescence was imaged and quantified at 4, 8, and 16
days post infiltration. Agroinfiltration of the GFP construct on its own resulted in low intensity
fluorescence, which decayed within a week (Fig 9). When free GFP and CMV 2b constructs
were co-agroinfiltrated, both the intensity and duration of the fluorescence signal were
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Fig 8. The cucumber mosaic virus 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 ODggq of each treatment was 1, while the relative ODjggo of
Agrobacterium expressing AGO1-GFP and 2b-RFP was 0.25 in all three treatments. The relative ODgg of
Agrobacterium expressing 1a added 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 interaction. The immune
complexes were formed by pre-incubation with anti-GFP beads (IP AGO1-GFP) and revealed with RFP antibody
(bottom panel).

https://doi.org/10.1371/journal.ppat.1009125.9008

increased (Fig 9), with GFP fluorescence visible until at least 16 days post-infiltration. P19 is
the tombusvirus VSR [51], and when a P19 construct was co-agroinfiltrated this also increased
the duration and intensity of the GFP signal (Fig 9).

Co-agroinfiltration of constructs encoding 1a and free GFP had no effect on the observed
levels of GFP fluorescence (Fig 9), which confirmed that the 1a protein neither possesses VSR
activity, nor compromises 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 dura-
tion of fluorescence, or corresponding GFP protein levels (Fig 9). 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 pro-
tein, and has no general anti-VSR properties.

Discussion

The CMV la protein and 2b VSR interact directly and this modulates
inhibition of AGOL1 activity by the 2b protein

We have shown that the CMV 1a protein has, in addition to its previously documented func-
tions in virus replication and pathogenesis [7,10], the ability to modulate the association of the
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Fig 9. The cucumber mosaic virus 1a protein does not affect the RNA silencing suppressor activity of the 2b
protein. Green fluorescent protein (GFP) was expressed transiently, under a 35S promoter, in agroinfiltrated leaves of
Nicotiana benthamiana. A, the relative intensity of GFP fluorescence was quantified using Image] as the integrated
density (IntDen) of each image, for each treatment 16 days after infiltration. Individual relative fluorescence values are
presented as jitter plots with each mean value and standard error depicted as black bars. Compared to the intensity of
fluorescence emitted by leaves expressing GFP only, the relative intensity values of GFP fluorescence emitted by leaf
tissue agroinfiltrated with mixtures of A. tumefaciens cells that included those carrying constructs expressing P19 or
the 2b protein were significantly greater. Lower case letters a, b, and ¢ indicate mean values for relative fluorescence
intensity that are significantly different from each (P <0.0001: Tukey’s multiple comparison of means). Values labeled
with the same letter are not significantly different form each other. Expression of the 1a protein had no significant
effect on GFP fluorescence, regardless of whether or not the 2b protein was also expressed. 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-expressing A. tumefaciens was co-agroinfiltrated with CMV 2b protein or P19 protein
the intensity and duration of fluorescence was increased due to their VSR activity. Co-agroinfiltration of CMV la
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 immunoblot analysis. GFP protein accumulation was
confirmed using anti-GFP antibodies.

https://doi.org/10.1371/journal.ppat.1009125.9g009

2b VSR with one of its host targets, AGO1. AGOL is a key target of several VSRs and inhibition
of AGO1 activity for some viruses can provide an effective means of diminishing antiviral
RNA silencing [13]. It was once thought that cucumoviral 2b VSRs inhibit antiviral RNA
silencing by binding to AGO1 [30] until subsequent work showed that their VSR activity is
actually dependent upon the ability to titrate double-stranded siRNAs [23-28]. In Arabidopsis,
inhibiting AGO1 activity may be a counterproductive means of inhibiting antiviral RNA
silencing. 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 silenc-
ing [52]. Additionally, inhibition of AGO1 activity by the 2b protein induces antibiosis against

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009125 December 3, 2020 13/24



PLOS PATHOGENS

Regulating RNA silencing suppressor activity

the aphid vectors of CMV [41]. Thus, in Arabidopsis the CMV 1a protein plays an important
role in preventing the 2b protein from triggering these additional lines of host defense against
the virus and its vector.

In tobacco, by contrast, it appears that the CMV 1a protein can trigger antibiosis against
aphids; an effect counteracted by the 2b protein [40,46]. In both of these hosts, Arabidopsis
and tobacco, the 1a and 2b proteins have antagonistic roles in conditioning CMV-induced
effects on aphid-plant interactions suggesting the interplay of the la and 2b proteins deter-
mines the effect of CMV infection on plant-aphid interactions in different hosts, i.e., induction
of aphid resistance, or of aphid susceptibility. This reinforces previous work showing that the
effects of viral proteins on plant-aphid interactions are complex and combinatorial [18,41,46].

In 2b-transgenic Arabidopsis plants the 2b protein induces stunting of shoots and roots,
and developmental abnormalities, including floral deformation [32]. These effects occur in
large part through inhibition of AGO1 activity, in particular, by inhibition of mRNA slicing
directed by miR159 [22,31-33]. The symptom-like phenotypes of 2b-transgenic plants can be
exaggerated compared with the symptoms seen in CMV-infected, non-transgenic plants [32].
We think it likely that by binding the 2b protein and ameliorating these 2b-induced pheno-
types, the 1a protein may limit the deleterious effects of CMV infection on the host. This
would be beneficial for CMV since excessive damage to the host plant may diminish virus
yield, or decrease the period of time during which the plant is infectious (e.g. by decreasing its
lifespan), or inhibit the ability of susceptible hosts to reproduce, which would favor the emer-
gence of resistant individuals in the host population, an effect modeled by Groen et al. [53].

Modulating 2b activity would benefit aphid-mediated CMV transmission. In Arabidopsis,
AGOL1 negatively regulates antibiosis against aphids [41,47], and 2b-induced inhibition of
AGOL1 activity, as seen in 2b-transgenic plants, is deleterious to aphids and would compromise
their ability to vector the virus. Our data confirm that la prevents induction of antibiosis by
the 2b protein in Arabidopsis and they suggest a mechanism by which direct interaction
between la and 2b, will regulate the extent of 2b-mediated inhibition of AGO1 (Fig 9).

The CMYV 1a protein associates with P-bodies

As is common for plus-strand RNA viruses, CMV RNA replication occurs in close association
with intracellular membranes [7,54]. Previous studies using electron microscopy and immu-
nogold detection, and cellular fractionation localized the CMV replicase complex to the vacuo-
lar membrane (tonoplast) in tobacco and cucumber [4]. In contrast, the 2a protein was
observed in cytoplasmic and membrane-associated fractions [8]. However, there have been
few recent investigations of the subcellular localization of the CMV 1a and 2a proteins. When
expressed transiently in N. benthamiana we observed a distinct subcellular localization pattern
for the 1a protein of punctate ‘specks’ throughout the cytoplasm. We therefore hypothesized
that the CMV 1a protein may localize to ER-derived vesicular replication structures equivalent
to those reported for the orthologous BMV 1a protein [55]. The BMV la protein is known to
remodel ER membrane morphology and permeability to promote viral replication [56]. How-
ever, ER staining did not associate with the ‘specks’ indicating that the CMV 1a does not asso-
ciate with the ER.

P-bodies play roles in mediating mRNA decapping and decay, and in miRNA-induced
RNA slicing, and their formation is increased as a consequence of RNA silencing [57,58]. We
observed that the P-body marker DCP1 co-localized with the CMV 1a protein in the punctate
specks, indicating that the 1a protein associates with P-bodies. A proportion of 2b protein was
recruited to the P-bodies by binding to the 1a protein, although 2b protein was still present in
its nuclear and cytoplasmic locations. It is possible that by re-localizing the 2b protein to P-
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bodies, the 1a protein limits the ability of the 2b protein to interact with AGO1 and inhibit
AGO1-mediated miRNA-directed slicing activity.

The P-body associated complex LSm1-7 [59] functions in mRNA decapping within in the
5'-3' exoribonucleolytic pathway [60]. The LSm1-7 complex regulates BMV RNA translation
and viral replication [61]. In yeast, it was shown that cis-acting sequences on replicons derived
from BMV RNAs 2 and 3 were found to direct these molecules into P-bodies [48]. A popula-
tion of P-bodies associate with membranes where BMV and other positive-sense viruses repli-
cate, and it was suggested that P-bodies play a role in the transition of BMV RNAs from
serving as translation templates to acting as replication templates. The interaction of P-bodies
containing viral proteins with membranes could facilitate interactions between the mem-
brane-bound BMV 1a protein, and the components in P-bodies, thereby leading to the assem-
bly of the replication complex [48,61,62]. We suspect that it is possible that P-bodies also play
arole in CMV replicase assembly.

The interaction of 1a and 2b does not inhibit 2b VSR activity

The 2b protein performs its VSR role primarily in the cytoplasm [25]. Increasing the nuclear
and nucleolar enrichment of Fny-2b compromises its VSR activity but enhances CMV viru-
lence, accelerating the appearance of disease symptoms in Arabidopsis plants [22]. Similar to
CMV 2b, other VSRs, including the potyviral HC-Pro and tombusviral P19, bind sRNAs [63—
65] and are most effective as inhibitors of antiviral RNA silencing when present in the cyto-
plasm [66,67]. 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
[68]. Other host proteins can inhibit VSR activity. For example, the tobacco rgsCAM protein
binds to VSRs of several viruses, including the CMV 2b protein; inhibiting and destabilizing
them [69].

There are also indirect effects of certain viral proteins on VSR activity. For example, the cat-
alytic activity of the P1 protease of the potyvirus plum pox virus governs the release of the
HC-Pro VSR during polyprotein processing [70]. In the pepo strain of CMV it was shown that
an arginine-rich domain of the coat protein inhibited translation of viral RNA, which limited
2b protein accumulation [71]. However, to our knowledge the inhibition of just one of the
effects of the 2b protein on the host RNA silencing network (i.e., inhibition of AGO1 activity)
is the first documented instance of regulation of one specific function of a VSR by direct inter-
action with another viral protein.

Although the 1a protein directly interacts with the 2b protein, alters its localization, 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, miRNA-directed mRNA cleavage
are separate 2b functions and determined by different functional domains within the 2b pro-
tein [23,25]. Our data suggests that re-localization to P-bodies by the 1a protein does not
diminish the ability of 2b to inhibit RNA silencing. Furthermore, it shows that the 1a protein is
able to inhibit the induction of 2b-induced antibiosis against aphids and ameliorate 2b-medi-
ated disruption of plant development without disrupting the ability of the 2b protein to per-
form its vital counter-defense role.

Conclusions

We conclude that the CMV 1a protein directly interacts with the 2b protein and this inhibits
the 2b-AGO1 interaction. The results suggest that the interaction of the 1a and 2b proteins
does not negate the VSR activity of the 2b protein. Another possibility is that 2b protein
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CMV Replicase Complex Unbound 1a 1a/2b Complex Unbound 2b AGO1/2b Complex = Unbound AGO1
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Regulation of:
Antiviral RNA Stlencing - g\ntfbiosis Mechanism

- AGO2
- Normal Development

Induction of:

- Antibiosis Against Aphids

- AGO2 Activation
Developmental Abnormalities

Fig 10. Interaction between the cucumber mosaic 1a and 2b proteins regulates the 2b-mediated inhibition of
AGOL1 activity. The primary function of the cucumber mosaic virus (CMV) 1a protein is, together with the 2a RNA-
dependent RNA polymerase protein, to function as a virally encoded component of the CMV replicase complex [7]. In
this study we have shown that 1a protein can also bind to the CMV 2b suppressor of RNA silencing. This does not
affect the ability of the 2b protein to inhibit antiviral RNA silencing. Most 2b protein is not bound to 1a (Fig 4), and so
its ability to inhibit antiviral silencing is not suppressed (blunt arrow). We have no evidence that the 1a-2b interaction
inhibits the ability of the bound 2b to suppress antiviral silencing but at this time it cannot be ruled out (hence the
blunt arrow is dashed in this diagram). Under the direction of microRNAs miR403 and miR159, respectively, AGO1
regulates the accumulation of AGO2 mRNA, and mRNAs encoding host developmental regulators [31,52]. When the
2b protein binds to AGO1 this system is de-regulated, leading to induction of developmental abnormalities (disease
symptoms) [31], and increasing the accumulation of AGO2, which triggers an additional layer of resistance to CMV
[52]. It also releases negative regulation of antibiosis against aphids, the insect vectors of CMV [41]. We hypothesize
that the 1a-2b interaction moderates the inhibitory effect of the 2b protein on AGO1. Key: blunt arrows indicate
negative regulation or inhibition; the red arrow indicates activation/de-repression of AGO1-regulated processes, and
the black arrow normal functioning of AGO1.

https://doi.org/10.1371/journal.ppat.1009125.9010

molecules bound tola protein molecules are not able to bind small RNAs (Fig 10) but that suf-
ficient unbound 2b is present to maintain antiviral silencing. This possibility is also consistent
with our data, which indicate that a relatively small proportion of the overall 2b protein pool
binds to the 1a protein (see Fig 4). However, this will need to be investigated in future work by
determining, among other things, whether or not the sequences of the 2b protein required for
silencing suppression are distinct from those required for interaction with the 1a protein. This
suggests that 1a negatively regulates the inhibition of AGO1 by the 2b protein, which may
ameliorate the potential damage caused by CMYV to its hosts, and in Arabidopsis would pre-
vent the induction of strong resistance (antibiosis) against its aphid vectors, while allowing 2a-
induced feeding deterrence (antixenosis: which benefits virus transmission) to predominate
(Fig 10). 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. Furthermore, moderating the inhibition of
AGOL1 further benefits the virus because it prevents induction of another layer of antiviral
RNA silencing that is mediated by AGO2 [52]. 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 modu-
late its ability to induce symptoms and suppress host resistance while simultaneously modify-
ing interactions between its host and its insect vectors.

Material and methods

Plants

Nicotiana benthamiana Domin. seeds were germinated on moist soil. After one week, seed-
lings were transferred to pots containing Levington M3 compost (Scotts, Surrey UK) in a Con-

viron (Manitoba, Canada) growth room maintained at 22°C, 60% relative humidity and
200 pmol m s photosynthetically-active radiation under a 16 h light/ 8h dark light regime.
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Arabidopsis thaliana (L.) Heynh. accession Col-0 plants used in this study were grown at 20°C
and 70% relative humidity under short-day conditions (8 h light/16 h dark). The 2b-transgenic
Arabidopsis lines 3.13F and 2.30F were constructed by Lewsey et al. [32] and transgenic plants
constitutively expressing the CMV 1a protein and double Ia/2b-transgenic plants were previ-
ously described by Westwood et al. [41].

Aphid experiments

Aphids (Myzus persicae Sulzer clone US1L [72]) were maintained on Brassica rapa pekinensis
plants. To obtain aphids of a standardized developmental stage for use in experiments, repro-
ducing adults were transferred to un-infested B. rapa, allowed to reproduce for no longer than
24 hours and the resulting one-day-old nymphs were transferred singly to 4-week-old Arabi-
dopsis plants using fine paintbrushes and confined on plants using micro-perforated plastic
bags (Associated Packaging, Kent, UK) [41]. Colony size was recorded 10 days later [40].

DNA constructs

Viral sequences used in this work were derived from the Fny strain of CMV [73]. The
pROK2-based vectors for bimolecular fluorescence complementation (BiFC) were generated
by amplifying the N- and C-terminal domains from the yellow fluorescent protein (YFP) ORF,
which were cloned into the Xbal and BamHI linearized pROK2 vector [74]. This insertion left
a BamHI-Xmal-KpnI-SacI polylinker downstream of the inserted N- and C-terminal halves of
the YFP sequence into which the Fny 1a ORF was amplified using appropriate primers (S1
Table). These fused ORFs were cloned into the BamHI and Xmal digested pROK-sYFP back-
bone to generate the pROK constructs sYFPn-1a and sYFPc-1a. For BiFC analysis pROK con-
structs expressing sYFPn-2a and sYFPc-2a were also generated. Additional pROK constructs
expressing sYFPn-2b, sYFPc-2b, sYFPn-AGO1 and sYFPc-AGO1 were previously described
by Gonzalez et al. [23]. GFP and mRFP sequences were amplified to introduce BamHI and
Apal overhangs (S1 Table) and then cloned into the BamHI and Apal digested 1a-pMDC32
vector to generate, respectively, the GFP:1a-pMDC32 and mRFP:1a-pMDC33 constructs. This
approach followed work by Westwood et al. [41], who previously constructed the pMDC32
construct expressing untagged Fny 1a protein. DCP1-GFP and RFP-DCP1 constructs were
constructed using Gateway cloning. Initially, the Arabidopsis DCP1 ORF was amplified from
Arabidopsis cDNA using forward and reverse primers that contained 5 extensions corre-
sponding to the attB site (SI Table). The purified PCR products containing attB sites were
then cloned into the pPDONR221 (Invitrogen) vector by a one-hour incubation with Gateway
BP clonase at 25°C. The verified entry clones were then combined with pSITE-2NB or pSITE-
4CA vectors [75] in an overnight LR clonase recombination reaction to produce DCP1-GFP
and RFP-DCPI, respectively. Additional DCP1-RFP and DCP2-RFP N-terminal fusion con-
structs were generously provided by Dr Nina Lukhovitskaya [76].

Agroinfiltration

Agrobacterium tumefaciens (GV3101) cells were grown at 28°C with shaking in 50 ml of liquid
LB medium [77] containing the appropriate vector antibiotic and 50 ug/ml rifampicin and

10 pg/ml gentamicin. This was then incubated at 28°C overnight. Cultures were centrifuged
for 15 min at 5000 g and re-suspended in 10 mM MgCl,, 10 mM MES pH 5.6, and 100 uM
acetosyringone. Each suspension was adjusted to an ODgq of 0.5 (unless stated otherwise) to
ensure the same number of cells bearing each construct was infiltrated. Cell suspensions were
incubated at room temperature for 2 hours prior to agroinfiltration, using the blunt end of a
syringe, into the abaxial surface of leaves of 3-week-old N. benthamiana plants.
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RNA silencing suppression assays

A free GFP reporter was expressed transiently from a binary vector under the control of the
CaMV 35S promoter in a N. benthamiana leaf by agroinfiltration, either by itself or with
another vector expressing a protein to be tested for suppression of silencing activity [23]. To
monitor the effect of a second protein on the levels of fluorescence derived from the transiently
expressed free GFP, leaves were imaged 4, 8 and 16 days after agroinfiltration using a Leica
SP5 confocal microscope. At 16 days after infiltration a cork borer was used to excise tissue
from the infiltrated zone, which was flash-frozen in liquid N, for subsequent protein extraction
and immunoblot analysis.

Confocal laser scanning microscopy and histochemical staining

All confocal microscopy was performed on a Leica Model SP5. GFP was excited using 488 nm
laser lines, RFP at 561 nm and YFP at 514 nm. Staining of ER was achieved with ER-tracker (Invi-
trogen). A concentration of 1 uM was prepared in phosphate buffer and infiltrated into N.
benthamiana. Dye was left for 30 min before infiltrating the patch with phosphate buffer to flush
excess dye. Leaf sections were imaged using excitation and emission maxima at 587 nm and 615
nm, respectively. The styryl dye FM 4-64 (Invitrogen) was infiltrated into the abaxial surface of N.
benthamiana leaves at 25 mM in sterile water. Images were taken 1 hour after infiltration. FM
4-64 was imaged using an excitation and emission maxima at 515 nm and 640 nm, respectively.

Western immunoblot analysis

Proteins were extracted from agroinfiltrated leaf tissue by homogenization in protein extrac-
tion buffer [10% glycerol, 25 mM Tris-HCI (pH 7.5), 200 mM NaCl, 1 mM ethylenediaminote-
traacetic acid (EDTA), 0.15% IGEPAL CA-630 (Octylphenoxy poly(ethyleneoxy)ethanol,
branched) (Merck), 2% PVP-40, 10 mM dithiothreitol, and protease inhibitor cocktail]. Pro-
teins were analyzed by SDS-PAGE [78] and electrophoretically transferred onto nitrocellulose
membranes [79]. Anti-GFP (1:1000) and anti-RFP (1:2000) monoclonal antibodies (Chromo-
tek) were used to detect accumulation of GFP and RFP, respectively. Anti-rabbit or anti-
mouse IgG horseradish peroxidase conjugated secondary antibodies were diluted to 1:10,000
for use. Bands were visualized by incubating membranes with Pierce Enhanced Chemilumi-
nescence ECL-Plus substrate and exposure on X-ray film.

Co-Immunoprecipitation assays to detect in vivo protein-protein
interactions

Wild-type N. benthamiana leaves were infiltrated with Agrobacterium tumefaciens and at 4
dpi, leaves were collected and pulverized in liquid nitrogen, and proteins were extracted in
extraction buffer [10% glycerol, 25mM Tris-HCL (pH 7.5), 1 mM EDTA, 150 mM NaCL, 10
mM dithiothreitol, protease inhibitor cocktail (Roche), 1 mM phenymethylsulfonylfluoride].
The crude extract was pelleted by centrifugation for 4 min at 12,000 g at 4°C, and the superna-
tant collected. The supernatant was subjected to immunoprecipitation by adding 25 ul of equil-
ibrated GFP-Trap agarose beads (Chromotek) to 300 pl of supernatant and 300 pl of dilution
buffer [10 mM Tris-HCI (pH 7.5),150 mM NaCl, 0.5 mM EDTA], and placed on a rotary incu-
bator for 1 h at 4°C. The GFP-Trap agarose beads were washed three times with dilution
buffer. The GFP-Trap agarose beads were collected by centrifugation at 2500 g for 2 min before
being re-suspended in 100 pl 2 x SDS-sample buffer [78] and heated for 10 min at 95°C to dis-
sociate immunocomplexes from the beads. After centrifugation at 2500 g for 2 min at 4°C, the
supernatant was analyzed by SDS-PAGE.
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Supporting information

S1 Table. Primers used in cloning of fusion proteins.
(DOCX)

S1 Fig. The 1a protein does not alter the localization of free GFP. When expressed in N.
benthamiana GFP accumulates in the cytoplasm. When RFP-1a and 35S:GFP were co-agroin-
filtrated we did not observe a change in either proteins localization suggesting that the unspe-
cific binding of GFP to the 1a protein does not occur.

(TIFF)

S2 Fig. The cucumber mosaic virus 1a protein interacts with itself and the 2a protein but
not with AGO1. A, when split (s)YFPn-1a and sYFPc-1a where co-expressed we observed foci
of faint fluorescence. Self-interaction of the la protein has previously been reported (O’Reilly
et al. 1998). B, we observed small foci of fluorescence when sYFP-1a and sYFP-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.

(TIFF)

S3 Fig. There is decreased fluorescence from the in planta interaction between sYFPn-2b
and sYFPc-AGOL in the presence of the cucumber mosaic virus 1a protein. Agro-cultures
of sSYFPn-AGO1 and sYFPc-2b were coinfiltrated into N. benthamiana leaves at a final ODgqq
of 0.9. Untransformed Agrobacterium (GV3101) cells resuspended in infiltration buffer were
used to prepare the final ODg so that the relative ODgq of each construct was 0.3. The RFP-
la construct was coinfiltrated with sYFPn-AGO1 and sYFPc-2b at a ratio of 1:1:1 with a final
ODgp 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. Asterisks indicate
significant difference [Student’s t-test *, P<0.05; **, P<0.01; ***, P<0.001]. Error bars repre-
sent standard error of the mean.

(TIFF)

S4 Fig. Association of the 1a and 2b proteins in planta demonstrated by co-immunoprecip-
itation. A, total proteins expressed in N. benthamiana leaves were subjected to immunoprecip-
itation 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 when expressed with 35S:GFP. B, as the band correspond-
ing 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 rectan-
gles indicate bands used to form the composite blot in Fig 6C, the loading control is shown for
the input sample stained with Ponceau stain.

(TIFF)

S5 Fig. AGO1 does not bind to the cucumber mosaic virus 1a protein in planta. Total pro-
teins purified from agroinfiltrated N. benthamiana leaves were subjected to immunoprecipita-
tion 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 REP-Trap AGO1-GFP could only be detected when co-expressed
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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.

(TIFF)
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Appendix II: Whole gel images for western blots

Appendix showing whole gel images for western blots used to form composite images in the
main thesis body.
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Figure S1. Whole gel images showing association of 2b proteins from the Fny, Ho and LS
strains of CMV with AGO1 or 1a proteins demonstrated by co-immunoprecipitation.
RFP-tagged 2b proteins from Fny-CMV, Ho-CMV or LS-CMV were co-expressed with GFP
tagged AGOI1 or la proteins in N. benthamiana leaves. Total protein was subjected to
immunoprecipitation with GFP-Trap or RFP-Trap beads followed by immunoblot analysis
with anti-RFP antibodies to detect 2b-RFP or anti-GFP antibodies to detect GFP-1a or GFP-
AGOI1. Bands are labelled with the contents of the total protein extract and treatment: input
sample (IN), immunoprecipitation with Trap antibodies (IP) or Co-immunoprecipitation with
interacting partner (CO-IP). The position where each band appears in the composite blot figures
is denoted by T or B referring to the top or bottom row of gel strips. Asterisks (*) relate to
bands used to form the composite blot in Figure 4.6 and hashtags (#) relate to bands used to
form the composite blot in Figure 4.9.
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Figure S2. Whole gel images showing association of wild type and mutant Fny-CMV 2b
proteins with Fny-CMYV 1a proteins demonstrated by co-immunoprecipitation. RFP-
tagged 2b proteins were co-expressed with GFP tagged 1a proteins in N. benthamiana leaves.
Total protein was subjected to immunoprecipitation with GFP-Trap or RFP-Trap beads
followed by immunoblot analysis with anti-RFP antibodies to detect 2b-RFP or anti-GFP
antibodies to detect GFP-1a. Bands are labelled with the contents of the total protein extract
and treatment: input sample (IN) or Co-immunoprecipitation with interacting partner (CO-IP).
The position where each band appears in the composite blot figures is denoted by T or B
referring to the top or bottom row of gel strips. Bands used to form the composite blot in Figure
5.5.
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Figure S3. Whole gel images showing association of wild type and mutant Fny-CMYV 2b
proteins with AGO1 proteins demonstrated by co-immunoprecipitation. RFP- tagged 2b
proteins were co-expressed with GFP tagged AGO1 proteins in N. benthamiana leaves. Total
protein was subjected to immunoprecipitation with GFP-Trap or RFP-Trap beads followed by
immunoblot analysis with anti-RFP antibodies to detect 2b- RFP or anti-GFP antibodies to
detect GFP-AGOI. Bands are labelled with the contents of the total protein extract and
treatment: input sample (IN), Co-immunoprecipitation with interacting partner (CO-IP). The
position where each band appears in the composite blot figures is denoted by T or B referring
to the top or bottom row of gel strips. Bands used to form the composite blot in Figure 5.10.
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Figure S4. Folding predictions for the Fny-CMV 2b protein. Modelling predictions are
shown from Alpha-Fold 2, RoseTTA fold and I-Tasser. All models show two alpha helixes in
the N-terminal half of the 2b protein and a largely disordered C-terminal half.
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