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Abstract

Plant cells inhibit viral infection using a process which targets double stranded RNA
(dsRNA), a necessary intermediate in viral infection. This process is known as RNA
silencing. Many plant viruses, and some animal viruses, encode a suppressor of RNA
silencing (a VSR) which interferes with this process, thereby allowing infection to occur. In
animals, cells also protect themselves against viral infection by shutdown of protein
production in the invaded host cell. The production of viral dsSRNA in vertebrate cells
activates Protein Kinase R (PKR), which phosphorylates the alpha subunit of eukaryotic
translation initiation factor 2 (eIF2a). Phosphorylation of elF2a interferes with protein
production by the host cell, and consequently viral replication.

It has been found that certain vertebrate-infecting viruses encode inhibitors of PKR
activity which function in a number of ways, one of which is the activation of Inhibitor of
Protein Kinase R (IPK), a host-encoded inhibitor of PKR. By inhibiting the ability of PKR
to phosphorylate elF2a, virus replication can proceed. Recently, some inhibitors of PKR
were also shown to be VSRs. It is unknown if VSRs encoded by plant viruses can also
affect phosphorylation of elF2a.

This research had two aims; firstly to determine whether or not elF2a
phosphorylation is triggered upon infection of Arabidopsis thaliana with the viruses Turnip
vein clearing virus (TVCV) and Turnip yellow mosaic virus (TYMYV), and if IPK activity
alters this potential kinase activity. To determine this, wild-type 4. thaliana and A. thaliana
mutants lacking a functional IPK gene were infected with TVCV and TYMV and sampled
over a time period of two weeks. Total plant protein was extracted from the sampled tissue
and phosphorylated elF2a detected via western blot. No elF2a phosphorylation was seen in

wild-type or mutant A. thaliana upon infection with either TVCV or TYMV.
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Secondly, to determine whether or not plant VSRs can also inhibit elF2a
phosphorylation by suppressing the function of plant e[F2a kinases. VSRs were transiently
expressed in Nicotiana benthamiana plants, eIF2a phosphorylation by the elF2a kinase
GCN2 (general control nonrepressible 2) was triggered by amino acid starvation, and the
quantity of phosphorylated elF2a present measured via western blot to determine whether
or not VSRs directly inhibit elF2a kinase activity. No decrease in elF2a phosphorylation
levels was seen in plant tissue expressing any of the VSRs used, although expression of the
p19 gene from Tomato bushy stunt virus (TBSV) appeared to cause an increase in elF2a
phosphorylation upon amino acid starvation.

From this, it was concluded that neither infection with the viruses TVCV or TYMV
or expression of the VSRs used in this study altered elF2a kinase activity, with the
exception of the VSR p19 from TBSV, which when expressed in N. benthamiana appears to
increase elF2a phosphorylation upon glyphosate treatment of the plant. The fact that no
other VSR caused an increase in elF2a phosphorylation upon glyphosate treatment suggests
that the effect of p19 on elF2a phosphorylation is not due to its ability to function as a
VSR, and plant viruses have not developed a mechanism of inhibiting the phosphorylation
of elF2a. The lack of phosphorylation of elF2a in 4. thaliana upon infection with the
viruses TVCV and TYMV suggests that elF2a phosphorylation is not an antiviral
mechanism utilised in plants, although further research in this area is required to determine

if this is representative of all A. thaliana ecotypes.
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Figure 1.1: Methods of viral genome replication. Red indicates RNA and blue indicates DNA.
A) dsDNA viruses such as Cauliflower mosaic virus replicate their genome by first passing
through a positive ssSRNA intermediate which often forms tertiary structures of dsSRNA. The
host proteins (iv). The RNA is then transcribed to DNA by the virally encoded protein reverse
transcriptase (RT) (v), and the second DNA strand synthesised by host proteins (vi). B) ssDNA
viruses such as Turnip curly top virus contain a single strand of DNA (i), the complementary
transcribed (iv) and translated (v) by host proteins. The coat protein then unwinds the dsSDNA
(vi), and both strands act as templates for further DNA synthesis. C) In order to replicate, the
two strands comprising the genome of dsRNA viruses (i) such as Rice dwarf virus are
separated within the host (ii). One strand is translated (iii) to viral proteins including the
enzyme RNA dependant RNA polymerase (RDRP) (iv), and the other serves as a template for
synthesis of the complementary RNA strand by RDRP (v). D) Negative ssRNA viruses such as 23
Tomato spotted wilt virus (i) cannot immediately be translated into proteins, and so contain a
virus-encoded RDRP within the virion, which upon infection immediately starts transcription

of the positive strand of RNA using the negative strand as a template (ii). The newly

synthesised positive strand of RNA (iii) contains genes which are able to be translated, and

also serves as a template for the synthesis of new negative strand RNA (iv). E) Positive ssRNA
viruses such as Tobacco mosaic virus and Cucumber mosaic virus (i) can be immediately

translated (ii) into proteins, including RDRP (iii). The positive RNA strand is then used as a
template for synthesis of a negative RNA strand by RDRP (iv); the newly synthesised dsRNA

(v) is split and the negative strand used as a template for multiple copies of a positive sense

strand (vi). F) Viruses such as Tomato spotted wilt virus may contain one or multiple strands of
ambisense RNA (i), each of which may be read in either direction in order to produce different
proteins. Ambi-sense RNA virions also contain an RDRP (i), which upon infection of a host

cell synthesises dSRNA (iii) from whatever original RNA was present in the virion. Either or

both of the RNA strands produced can be incorporated into the new virion.

Figure 1.2: In A. thaliana, viral or host dsSRNA is cleaved into 21-26 nucleotide long fragments
by DCL proteins 1-4. A single strand of the 21-26 nucleotide long ssRNA is incorporated into
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the AGO protein, creating the RISC complex. RISC binds to and cleaves ssRNA
complementary to the incorporated RNA fragment. Both viral and host RNA is degraded in
this manner, although most viruses encode at least one method of suppressing the RNA
silencing pathway.

Figure 1.3: In order for elF2a to be phosphorylated in response to viral infection, first PKR be
present in sufficient quantity in the cell, then be activated by dsRNA, dimerise and finally
phosphorylate elF2a. Viruses can encode products which interfere with this pathway at a
variety of points, as illustrated in Table 1.2 (Gale Jr and Katze, 1998)

41

Chapter 3:

Figure 3.1: Comparison of glyphosate treated and untreated 4. thaliana and N. benthamiana

protein samples harvested on two dates. (A) Ponceau S stained image of total protein and (B)
Chemiluminescent exposure of phosphorylated eIF2a proteins following detection using a
phosphorylated elF2a-specific antibody. Size of proteins (kDa) is indicated by the Bio-Rad 71
Precision Plus All Blue Protein™ marker in lane 1. Lanes 2-9 contain total protein from plants
treated and harvested as described above each lane. Lane 10 contains 2.6 pg of bacterially
expressed in vitro phosphorylated elF2a protein.

Figure 3.2: Protein concentrations of the A. thaliana protein samples shown in Figure 3.1 as
measured via Qubit® and Bradford assays. The protein concentration of each sample was
measured three times via Qubit® and Bradford assay and the average of the three readings is
shown.

Figure 3.3: Comparison of protein extraction methods A and B. Panel A illustrates the

72

increased thickness and intensity of protein bands on a Ponceau S stained membrane when

protein is extracted using extraction method B (Lanes 2-5) than with protein extraction method

A (Lanes 6-9). This is further illustrated by the increased detection of bands containing
phosphorylated e[F2a at 37kDa on the exposure of the same membrane (Figure 3.3, panel 74
B).The sample in the far right lane was protein extracted from glyphosate treated 4. thaliana

and provided by the New Zealand Institute of Plant and Food Research. Lane 1 contains 15 pl

of Bio-Rad Precision Plus All Blue Protein™ marker, all other lanes contain 8ug of total A.

thaliana protein.

Figure 3.4: The effect of phosphorylated elF2a specific primary antibody concentration on

signal detection. BEx is a contraction of phosphorylated bacterially expressed A. thaliana

elF2a. All A. thaliana samples were from the same protein extraction of glyphosate treated A.
thaliana to eliminate variation between samples. Phosphorylated elF2a is detected at 37 kDa
in lanes 1 and 5, and at approximately 28 kDa in lanes 3 and 4. All other bands are due to non-
specific binding of the primary antibody. All lanes were exposed for the same time.

Figure 3.5: Exposure of membranes containing bacterially expressed in vitro phosphorylated
elF2a and protein extracted from glyphosate treated A. thaliana. The membranes were
incubated with varying dilutions of generic elF2a primary antibody. BEX is a contraction of
bacterially expressed elF2a. As in Figure 3.4, the protein in lanes 2-4, 6-8 and 10-12 are from
the extraction of a single sample of glyphosate treated A. thaliana, and phosphorylated elF2a is
detected at 37 kDa in lanes 1, 5 and 9, and at 28 kDa in lanes2- 4 and 10-12. Other bands are
also visible which do not correspond with any known sizes of elF2a, indicating binding of an
antibody to nonspecific proteins.

Figure 3.6: Exposure of membrane treated with the generic elF2a antibody. No elF2a is visible
at 37 kDa, despite the fact that this membrane has previously been shown to contain
phosphorylated elF2a in all samples which were both extracted using Method A and treated
with glyphosate. Phosphorylated elF2a had also previously been shown to be present in the

77

79

81
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supplied 4. thaliana protein sample in lane 9. Lane M contains 15 ul of Bio-Rad Precision
Plus All Blue Protein™ marker, all other lanes contain 8ug of 4. thaliana protein

Figure 3.7: A comparison of the effect of increase protein concentration on the detection of
elF2a in a membrane containing high concentrations of A. thaliana protein. The membrane
was treated with generic (panel B) and phosphorylated specific (panel C) elF2a antibodies in
order to determine if the generic elF2a antibody was detecting elF2a at the same size at the
phosphorylated-specific eIF2a antibody. Lane M contains 15 pl of Bio-Rad Precision Plus All
Blue Protein™ marker. Lanes 1 and 3 contain 20 pg of protein from glyphosate treated (Lane
1) and untreated (Lane 3) A. thaliana, and Lanes 2 and 4 contain 50ug of precipitated protein
from glyphosate treated (Lane 2) and untreated (Lane 4) A. thaliana. A) Ponceau S stain of a
post-transfer membrane containing 20 and 50pug of protein from glyphosate treated and control
A. thaliana plants. B) Exposure of the membrane in 7A after treatment with generic elF2a
antibody. C) Exposure of the membrane in panels A and B after the generic eIF2a antibody
was removed and the membrane treated with the phosphorylated eIF2a specific antibody.
Figure 3.8: Ponceau S stain (A) and exposure of (B) a membrane comparing the amount of
phosphorylated elF2a present in protein extracted from glyphosate treated A. thaliana (Lanes
1-5) to serially diluted bacterially expressed in vitro phosphorylated elF2a (BEx, lanes 6-14).
The lane containing 7500ng of A. thaliana protein was inaccurately loaded, and is not a valid
representation of 7500 ng of protein. Areas of red within band in panel B indicate
overexposure of the membrane. Rubisco is visible at 50 kDa, and elF2a at 37 kDa, as indicated
by arrows on the left and right hand sides, respectively. Lane M contains 15uL of Bio-Rad
Precision Plus All Blue Protein™ marker.

Figure 3.9: Relationship between concentration of phosphorylated elF2a and

86

chemiluminescence detected per band as seen in Figure 3.8 (panel B, lanes 8-12). Each
datapoint is the amount of phosphorylated e[F2a present in a lane (x axis) plotted against the
corresponding degree of exposure caused by that band (y axis). There is a strong linear
relationship described by the equation y = 4.3695x — 14.5 between the amount of
phosphorylated elF2a present on the membrane and the amount of chemiluminescence
produced between 0-20 ng eIF2a and 0-70 percent exposure, however at concentrations of
higher that 20 ng phosphorylated elF2a the relationship between the chemiluminescence
produced and the amount of e[F2a present changes and the linear model deviates strongly from

88

the observed results.

Figure 3.10: Relationship between concentration of phosphorylated elF2a and amount of
chemiluminescence detected in Figure 3.8, lanes 8-12. Each datapoint is log of the ng of
phosphorylated elF2a present in a lane (x axis) plotted against the corresponding degree of 91
exposure caused by that band (y axis). The relationship describes an S curve, which only
corresponds to a linear model (equation y = 79.505x - 39.239) at concentrations of

phosphorylated elF2a greater than 18.98 ng.

Figure 3.11: Western detection of phosphorylated elF2a in wild-type (wt) and deficient (AIPK)

A. thaliana either inoculated with TVCYV or buffer (mock). Leaf samples were collected at 0 96
dpi, 3 and 9 hpi, and 1, 2, 3 and 7 dpi.

Figure 3.12: Detection of elF2a phosphorylation in wild-type (wt) and AIPK mutant 4.

thaliana either inoculated with TYMV or buffer (mock) by western blot using a 99
phosphorylated elF2a specific antibody. Leaf samples were collected at 0 dpi, 3, 6 and 9 hpi,

and 3, 5 and 7 dpi.
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Chapter 5:

Figure 5.1: Western blot detection of phosphorylated elF2a. Each lane contains 10 pg of total

protein extracted from N. benthamiana leaves sprayed with varying concentrations of

glyphosate. Three leaves, each taken from a different plant 24 hours after glyphosate treatment, 121
were tested. Increasing glyphosate concentration does not appear to increase the amount or
reliability of phosphorylated eIF2a present within the leaf tissue.

Figure 5.2: Detection of phosphorylated elF2a in plant tissue by western blot. All lanes contain
10 pg of protein. Lane 1 contains positive control glyphosate sprayed A4. thaliana. Lanes 2 — 10
show phosphorylation in N. benthamiana infiltrated with 150 uM glyphosate (lanes 2 and 3);
sprayed with 150 uM glyphosate (lanes 4-7) and immersed in 150 uM glyphosate for one
minute (lanes 8-10). All samples were collected 24 hours after treatment. Topical application
of glyphosate produces weak and intermittent phosphorylation of elF2a, whereas infiltration of
glyphosate into the air gap within the leaf produces weak but consistent phosphorylation of
elF2a.

Figure 5.3: Western blot detection of phosphorylated e[F2a present in protein extracted from
the tissue of emerging (leaf 1, unfolding (leaf 2) and expanded (leaf 3) leaves) from three 122

121

individual plants, all of which were treated with 300 uM glyphosate.

Figure 5.4: PCR amplification of plasmid DNA using the 277F and 277R primers. Lane M: 1
Kb Plus DNA Ladder. Templates used were as follows: No template control (lane 1), empty
pGD plasmid (lane 2), stock 2b207 plasmid (lane 3), sequenced 2b241 plasmid (lane 4) and E.
coli transformed with stock 2b207 (lane 5).

Figure 5.5: Digestion of the plasmid p6p100 with HindIII. Two bands are visible, one at 2300
bp (lane 1), and one at greater than 12000 bp (lane 2). Lane M contain 1 Kb Plus DNA Ladder.
Lane 1 contains an H20 control containing only ddH20 and HindIII. Lane 2 contains 300 ng
of digested p6p100.

Figure 5.6: PCR products resulting from the amplification of transformed A. tumefaciens

125

127

colonies. Lane M contain 1 Kb Plus DNA Ladder. Lane 1 contains no template. Lane 2
contains plasmid DNA amplified with the primer pairs 277F and 227R (Panels A, B, C and E)
or 277F and NOS R (Panels D and F).Lanes 3, 4 and 5 contain transformed 4. tumefaciens
colonies amplified using the primer pairs 277F and 227R (Panels A, B, C and E) or 277F and
NOS R (Panels D and F). Only the areas of each gel containing bands are shown.

Figure 5.7: RT-PCR products amplified from RNA extracted from N. benthamiana tissue
infiltrated with wild-type or 2b241 transformed A. tumefaciens. Lane M contains 1 Kb Plus
DNA Ladder. Lane 1 contains no template DNA. Lanes 2 and 3 contain RNA extracted from
N. benthamiana infiltrated with wild-type A. tumefaciens and amplified using the NADS5 and
CMV241-2b primer pairs respectively. Lanes 4 and 5 contain RNA extracted from N.
benthamiana imfiltrated with 2b241 and amplified using the NAD5 and CMV241-2b primer
pairs respectively. Lane 6 contains 2b241 plasmid DNA amplified using the CMV241-2b
primer pair.

Figure 5.8: RT-PCR products amplified from RNA extracted from N. benthamiana tissue
infiltrated with wild-type or 2b241 transformed 4. tumefaciens. Lane M contains 1 Kb Plus
DNA Ladder. Lane 1 contains no template with the NADS primers. Lane 2 contains p19wt
plasmid DNA amplified with the p19 primer pair. Lanes 3 and 4 contain RNA extracted from 132
N. benthamiana agroinfiltrated with p19wt and amplified using the p19 and NADS primer

pairs respectively. Lane 6 contains the products of the amplification using the NADS primer

pair on RNA from N. benthamiana infiltrated with wild-type A. tumefaciens.

128

131

Page 12 of 161



Figure 5.9: PCR products resulting from the amplification of the plasmid HC-ProPVY (lane 2)

and DNA extracted from A. tumefaciens transformed with the plasmid HC-ProPVY (lane 3)

using the primer pair HC-ProGlias F and HC-ProGlias R. Lane M contains 1 Kb Plus DNA 134
Ladder. Lane 1 contains no template. No bands are visible in either lane at the expected size of
1.8 kb. No bands of the same size are visible in either lane 2 or lane 3.

Figure 5.10: RT-PCR products amplified from RNA extracted from N. benthamiana tissue
argoinfiltrated with HC-ProPVY or wild-type 4. tumefaciens. Lane M contains 1 Kb Plus DNA
Ladder. Lane 1 contains no template. Lanes 2 and 3 contain RNA extracted from wild-type 4.
tumefaciens infiltrated N. benthamiana amplified using the NADS5 and HC-ProOlliverl

primers respectively. Lanes 4 and 5 contain RNA extracted from N. benthamiana
agroinfiltrated with HC-ProPVY and amplified using the NADS and HC-ProOlliver1 primer
pairs respectively. Lane 6 contains the PCR product of the HC-ProPVY plasmid amplified with
the HC-ProOlliver]1 primer pair.

Figure 5.11: Detection of phosphorylated e[F2a in VSR and/or IPK expressing N. benthamiana
tissue by western blot using a phosphorylated elF2a specific antibody. All positive control
lanes (At+) contain aliquots of the same positive control. Differences in the size and darkness
of sample bands relative to the positive control is due to a difference in the amount of 136
phosphorylated elF2a present between the positive control and the sample. Detection of
chemiluminescence was achieved using the BioRad ChemiDoc MP™ System and ImagelL.ab™
Software.

134

Figure 5.12: A comparison of the average amount of phosphorylated elF2a present per ug of
total plant protein in glyphosate treated N. benthamiana expressing a VSR or a VSR+IPK. 139
Error bars show the standard error of each sample group.
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1.1. Viruses are reliant on host systems to replicate

Viruses require the proteins and energy within host cells to replicate. The replication
cycle of viruses varies depending on the type of virus, but all viruses produce double
stranded RNA (dsRNA) of varying lengths at some point of their lifecycle. Long dsSRNA

provides a target for recognition and inhibition for the host cell.

1.1.1. Viruses are obligate intracellular parasites

Viruses are obligate intracellular parasites which infect a range of organisms
covering all three domains of life (Rice et al., 2004).Viruses are one of the most basic
microbes, with a genome consisting of either DNA or RNA which codes for the genes
necessary for host infection and viral replication, a multi-protein capsid which protects the
genome from damage while in transit between cells, and external epitopes which help in the
transmission of the virus (Atreya et al., 1991, Vazquez et al., 2004). In some viruses, a lipid
envelope provides further protection and helps the virus infect host cells (Gergerich and
Dolja, 2006). The fully assembled viral structure is known as a virion. Viruses only contain
the barest essentials necessary for viral replication; replication proteins that are needed to
transcribe the viral genome, structural proteins needed to form the coat proteins, proteins
which make up the capsid, and movement proteins which allow the virus to move between

cells. Therefore, in order to replicate viruses must utilise the systems within a host cell.
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1.1.2. Viruses have a range of different replication methods

The nucleic acid inside the protein shell varies widely between virus types, with viruses
either containing either single stranded (ss) or double stranded (ds) DNA or RNA, in linear
or circular form, in one or many fragments. Viruses containing ssSRNA are further divided
into those with positive sense RNA; which is directly translated, negative sense RNA which
must first be transcribed into positive sense RNA before being translated; and ambi-sense
viruses, which contain a mixture of both positive and negative sense RNAs. The type of
nuclear material within a virus determines the method of replication, giving a total of six
ways in which viruses replicate based on the type of genetic material they contain, all of
which include or produce dsRNA as part of the replication cycle (Matthews, 1992), as

shown in Figure 1.1.

Regardless of the replication method required, the newly synthesised viral genome
is incorporated into the assembled viral coat proteins, which form a protective shell around
the vulnerable genetic material. The new virions then exit through openings in the cell wall
of the plant cell, with some species of virus forming a lipid envelope from the plant cell
membrane, or are ingested with the cell contents by a feeding insect, which then transmits

the virus to the next plant it feeds upon.
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Figure 1.1: Methods of viral genome replication. Red indicates RNA and blue indicates DNA.

A) dsDNA viruses such as Cauliflower mosaic virus replicate their genome by first passing through a positive

sSRNA intermediate which often forms tertiary structures of dsRNA. The dsDNA is unwound and viral genes

DNA by the virally encoded protein reverse transcriptase (RT) (v), and the second DNA strand synthesised by
host proteins (vi). DNA viruses such as CaMV often encode RNA which form secondary, double stranded
structures which are sufficient to trigger RNA silencing (Ryabova and Hohn, 2000)
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B) ssDNA viruses such as Turnip curly top virus contain a single strand of DNA (i), the complementary strand
translated (v) by host proteins. The coat protein then unwinds the dsDNA (vi), and both strands act as
templates for further DNA synthesis.

C) In order to replicate, the two strands comprising the genome of dsRNA viruses (i) such as Rice dwarf virus
are separated within the host (ii). One strand is translated (iii) to viral proteins including the enzyme RNA
dependant RNA polymerase (RDRP) (iv), and the other serves as a template for synthesis of the

complementary RNA strand by RDRP (v).

D) Negative ssRNA viruses such as Tomato spotted wilt virus (i) cannot immediately be translated into
proteins, and so contain a virus-encoded RDRP within the virion, which upon infection immediately starts
transcription of the positive strand of RNA using the negative strand as a template (ii). The newly synthesised
positive strand of RNA (iii) contains genes which are able to be translated, and also serves as a template for

the synthesis of new negative strand RNA (iv).

E) Positive ssRNA viruses such as Tobacco mosaic virus and Cucumber mosaic virus (i) can be immediately
translated (ii) into proteins, including RDRP (iii). The positive RNA strand is then used as a template for
synthesis of a negative RNA strand by RDRP (iv); the newly synthesised dsRNA (v) is split and the negative

strand used as a template for multiple copies of a positive sense strand (vi).

F) Viruses such as Tomato spotted wilt virus may contain one or multiple strands of ambisense RNA (i), each

of which may be read in either direction in order to produce different proteins. Ambi-sense RNA virions also

contain an RDRP (ii), which upon infection of a host cell synthesises dsRNA (iii) from whatever original RNA
was present in the virion. Either or both of the RNA strands produced can be incorporated into the new

virion.
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1.2. Eukaryotic cells have a variety of mechanisms to inhibit viral infection

Eukaryotic cells have a number of ways of responding to viral infection
(Balachandran et al., 2000, Banchereau and Steinman, 1998, Vance and Vaucheret,
2001).When a eukaryotic cell is infected with a virus it must first recognise it has been
infected, and then prevent the virus from replicating. One of the proteins found to detect
dsRNA in animal cells is Protein Kinase R (PKR), which when bound to dsRNA,
phosphorylates the alpha subunit of eukaryotic initiation factor 2 (eIF2a)(Meurs et al,
1990). This prevents the eukaryotic initiation factor 2 (eIF2) from initiating protein

synthesis, and thereby prevents viral replication.

In some cases the phosphorylation of e[F2a has been seen to lead to cell death
(Balachandran et al., 1998) but the advantages to the organism in preventing the spread of
the virus usually outweigh the disadvantages of losing the cell. However, in cases where a
significant number of cells are infected, the death of all infected cells would be lethal to the
organism. Thus, there are other less extreme measures that eukaryotic organisms can utilise,
such as recognising dsSRNA and destroying it directly, a process known as RNA silencing.
As discussed earlier, most viruses pass through a dsSRNA stage during replication (Figure
1.1), and the remaining viruses produce long dsSRNA through other methods. As dsRNA is
not naturally present within eukaryotic cells except as part of the RNA interference (RNA1)
pathway (Hutvagner and Zamore, 2002), it is easily recognised and is an efficient trigger

for an immune response.

Page 24 of 161



1.2.1. RNA interference is an antiviral defence mechanism which viruses have

evolved to counter

RNAI is a biochemical pathway common to all eukaryotic life. RNAi serves a
number of functions, one of which is the protection of cells against viral infection (Ratcliff
et al., 1997). It does this by responding dsSRNA and destroying cognate RNA in a
sequence-specific manner, thus reducing the ability for viral replication to occur (Lindbo et
al., 1993). In order to combat this antiviral mechanism, viruses have evolved a variety of
methods of either preventing RNAi from being activated or suppressing the RNA1 process
(Csorba et al., 2007, Diaz-Pendon et al., 2007, Ding et al., 2004, Haas et al., 2008,
Kasschau and Carrington, 1998, Love et al., 2007, Takeda et al., 2002). Each virus-encoded
suppressor of RNA silencing (VSR) interferes at single or multiple points within the RNA1
pathway, and some viruses also encode multiple VSRs (Caiiizares et al., 2008, Lu et al.,
2004). In this manner viruses can neutralise the effects of RNAi on the viral replication

process, thus allowing viral infection to occur to high titre within the host.
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12.1.1. RNAiis common to all eukaryotic life

The RNAI pathway is strongly conserved amongst eukaryotes, and is present in
plants, fungi, invertebrates and vertebrates (Rice et al., 2004). RNAI is used to down-
regulate endogenous genes in a sequence specific manner, and in plants it also acts as a
crucial antiviral mechanism (Ratcliff et al., 1997). Until recently, it was thought that
somatic mammalian cells had lost the ability to use RNAI as an antiviral pathway (Cullen,
2011), and instead dsRNA triggers the phosphorylation of elF2a, resulting in the inhibition
of protein translation as an alternative antiviral pathway, as detailed in section 1.2.2.
However, recently research has been published suggesting that mammalian cells may utilise
both RNA silencing and elF2a phosphorylation as antiviral defences (Maillard et al., 2013,

Lietal., 2013).

The initial discovery of RNAi was in plant models, with the creation of transgenic
plants carrying an extra copy of a gene which coded for chalcone synthase, an enzyme
responsible for the purple pigmentation in petunia flowers. Instead of being more purple,
the resulting flower produced little to no pigment (Napoli et al., 1990), as the mRNA from
the chalcone synthase transgene formed a dSRNA. The RNAi pathway degraded the
dsRNA, all chalcone synthase mRNAs were targeted and destroyed by RNA1, and the
resulting flowers were partially or entirely white. RNA1 has subsequently been discovered
in all plants studied, as well as in fungi, invertebrates and vertebrates (Fire et al., 1991,

Romano and Macino, 1992, Wargelius et al., 1999).
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1.2.1.2. RNAi is necessary for the development and maintenance of life

The mechanism of RNAI includes post-transcriptional down regulation of genes,
protection against viral infection in plants and possibly animals, post-transcriptional gene
silencing and control over the developmental stages of growth. A number of disorders are
associated with both the underexpression and overexpression of silencing (Chapnik et al.,

2011, Fénelon et al., 2011, Gatto et al., 2000).

Although this thesis focuses on the forms of RNAi used as antiviral defence
mechanisms, RNAI is a vital part of normal cell function, and the effects of disruption of

the RNAi pathway on cell development and regulation should be noted.

1.2.1.3. RNAi recognises dsSRNA and establishes a sequence-specific

mRNA degradation or translation inhibition pathway

RNAI destroys viral RNA in both single and double-stranded forms, using
fragmented dsRNA as a template for targeting the specific sequence of ssRNA for
degradation (Ratcliff et al., 1997). A summary of the process is illustrated in Figure 1.2. The
RNA silencing pathway begins with the recognition and cleavage of dsRNA into small
dsRNA fragments 21-26 nucleotides long (Zamore et al., 2000). The target dSSRNA may
have been produced as part of the viral genome replication cycle, which upon cleavage
produces small interfering RNA (siRNA), (Ratcliff et al., 1999), or it may have been
encoded by the host cell as part of the gene regulation function of RNAi (Lagos-Quintana
et al., 2001, Lau et al., 2001, Lee and Ambros, 2001), which upon cleavage produces micro

RNA (miRNA). In this thesis, the focus is on the virally-encoded dsRNA.
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The cleavage of the dsSRNA into smaller fragments is non-sequence specific and is
performed in animals by the enzyme Dicer, and in plants by a number of Dicer-Like
proteins (DCL) (Bernstein et al., 2001). Animal genomes code for a single Dicer protein
which cleaves dsRNA for a variety of purposes, in response to a range of stresses (Chan et
al., 2004, Li et al., 2002, Lee et al., 1993). In contrast, plant genomes code for a larger
number of DCL proteins which are present in all plant cells (Tang et al., 2003), although the
quantity and type of DCL present within a plant cell varies depending on the developmental
stage of the plant tissue and outside factors, such as drought, cold, osmotic pressure and
disease. This allows the RNAi pathway to respond specifically to each stress (Fujii et al.,

2005).

In both animals and plants, the resulting dSRNA fragments have a two nucleotide
long overhang at the 3" end, and are phosphorylated at the 5" end. The 3" overhang of some
types of dsSRNA are phosphorylated in plants in order to increase stability of the RNA

fragment (Ebhardt et al., 2005).

Before cleaving the dsRNA into fragments, the DCL protein forms a complex called
an RISC loading complex (RLC) with a dsSRNA binding protein (dsRBP), the structure of
which varies between species of plants (Tomari et al., 2004). After DCL cleaves the
dsRNA, the RLC asymmetrically loads the 21-26 nt dSRNA fragment into an Argonaute
(AGO) protein, where the less stable of the two RNA strands is cleaved by AGO. The more
stable strand of the small RNA is incorporated into the AGO protein to form an RNA-
induced silencing complex, or RISC (Hammond et al., 2000). Although RISC complexes

can vary in composition, they always contain a member of the Argonaute family of
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nucleases, and a guiding strand of ssSRNA 21-26 nucleotides in length to guide the complex
to a complementary ssSRNA via Watson-Crick bonding. Upon complementary binding of
the guide strand to the target sequence, the AGO protein then cleaves the complementary

strand.
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Figure 1.2: In A. thaliana, viral or host dsRNA is cleaved into 21-26 nucleotide long fragments by DCL

proteins 1-4. A single strand of the 21-26 nucleotide long ssRNA is incorporated into the AGO protein,

creating the RISC complex. RISC binds to and cleaves ssRNA complementary to the incorporated RNA
fragment. Both viral and host RNA is degraded in this manner, although most viruses encode at least one

method of suppressing the RNA silencing pathway.
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1.2.1.4. Viruses code for inhibitors of RNAi

RNA is vital to all viral replication. All viruses produce dsRNA at some point
during replication, as described in section 1.1.2. Therefore, viruses are susceptible to RNAI,
which many organisms use to prevent viral replication and spread (Lindbo et al., 1993,
Ratcliff et al., 1997, Li et al., 2013, Maillard et al., 2013). Without a virus-encoded counter-

defence mechanism, RNAI has the potential to clear viral RNA entirely from infected cells.

In order for the virus to successfully infect, replicate and spread throughout the host
organism, it is necessary for the virus to overcome, to some extent, the RNA silencing
mechanism (Kasschau and Carrington, 2001, Liu et al., 2002, Qiu et al., 2002, Voinnet et
al., 1999, Voinnet et al., 2000, Yelina et al., 2002). Viruses encode a range of products
which suppress silencing within the host cell, with each virus typically encoding between
one to three VSRs. VSRs have been found to be encoded in viruses which infect plants,
fungi, invertebrates and vertebrates (Li and Ding, 2006). As most VSRs seem to be
structurally unrelated and act within different steps of the RNAi pathway they have to be
identified empirically through a demonstration of suppression of RNAi. Therefore, many
more VSRs are likely to be discovered. If a virus shut down all RNA silencing in a host, the
host would quickly die and therefore the virus, as an obligate parasite, would be unable to
reproduce. In order for a virus to be successful, it must infect the host and spread to other
hosts. Often, the longer an infected host survives, the more opportunity a virus has to infect
other hosts, although this is dependent on the method of vectoring between hosts.
Therefore, VSRs do not suppress all silencing, and are instead usually targeted to interfere

with a specific step in the host’s RNA silencing response (Voinnet, 2001).
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Like many biochemical mechanisms, VSRs were known long before they were
named and the mechanism understood. The initial discovery of a VSR occurred when it was
discovered that when Potato virus X infected a host plant, the infected plant was more
susceptible to infection by a range of other viruses (Pruss et al., 1997). This synergy of
infection was due to the presence of HC-Pro, a potyvirus-encoded VSR which binds to
dsRNA and prevents Dicer from forming siRNA which are necessary for RISC function

(Kasschau et al., 2003).

Since then, a large number of VSRs have been discovered, with many other
mechanisms of activity such as RNAi amplification (Blevins et al, 2011), RNAi signalling
(Voinnet, Lederer & Baulcombe, 2000) and DNA methylation (Duan et al, 2012). Table 1.1
displays a selection of VSRs found in plant and animal infecting viruses. The mechanisms
of these VSRs fall into three categories; those that affect Dicer or DCL proteins, those that

bind to siRNAs, and those that bind to long dsRNAs (Figure 1.2).
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Table 1.1: Examples of VSRs, the methods of action employed to suppress RNA silencing by viruses and the variety of hosts infected by VSR-encoding viruses.

VSR Method of action Virus Host Range Reference
Plant P6 Prevents Dicer and DCL from Cauliflower mosaic Cruciferae (Haas et al., 2008)
Viruses being triggered virus
126 kDa Binds to small dsSRNA Tobacco mosaic virus Wide plant host range (Ding et al., 2004, Vogler et
protein al., 2007)
P19 Tomato bushy stunt Wide plant host range (Qiu et al., 2002, Silhavy et
Virus al., 2002a, Ye et al., 2003)
2b Binds to short and long Cucumber mosaic virus Wide plant host range (Diaz-Pendon et al., 2007)
NSs dsRNA Tomato spotted wilt Wide plant host range (Takeda et al., 2002)
Virus
HC-Pro Protects dSRNA from Dicer Potato virus X Solanaceae (Kasschau et al., 2003)
Turnip mosaic virus Wide plant host range (Kasschau et al., 2003)
Animal 63 Binds to long dsSRNA Reovirus Animals, plants (Denzler and Jacobs, 1994)
and
Plant
Viruses
Animal Tat Binds to Dicer to prevent Human Humans Bannasser et al, 2005
Viruses formation of siRNA immunodeficiency virus
E3L Binds to short and long Vaccinia virus Mammals (Chang et al., 1992)
dsRNA
NSI1 Binds to short dSSRNA Influenza viruses types Mammals, poultry (Chang et al., 1992)
A,Band C
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1.2.2. elF2a kinases are part of an antiviral defence which viruses have

evolved to counter

elF2a kinases are a group of proteins present in eukaryotic cells which are triggered
when the cell is under stress and respond by phosphorylating the alpha unit of elF2. elF2 is
a eukaryotic initiation factor which is required to initiate protein synthesis (Matts and
London, 1984). When elF2a is phosphorylated, protein synthesis is inhibited within the
cell, with a small number of genes preferentially translated (Dever et al., 1992, Farrell et
al., 1977). The phosphorylation of eIF2a prevents both viral and host genes from being
translated, and so prevents the spread of viral infection. An inhibitor of elF2a kinases, IPK,
has been shown to inhibit an unknown elF2a kinase in plants which would otherwise react
to viral infection (Bilgin et al., 2003). As elF2a phosphorylation by an elF2a kinase is an
effective antiviral mechanism, viruses have evolved a number of ways of inhibiting the

function of elF2a kinases (Figure 1.3, Error! Reference source not found.).

1.2.2.1. elF2o kinases are triggered by stresses on the host eukaryotic

organism and mitigate adverse effects

The protein elF2 is a heterotrimer consisting of an alpha, beta and gamma subunit,
and is responsible for the initiation of protein synthesis. elF2 forms a complex with
guanosine triphosphate (GTP) and the methionine-transfer RNA (met-tRNA), the first t-
RNA needed for any eukaryotic protein synthesis. Once elF2, GTP and the met-tRNA are
associated, the ternary complex binds to the 40S ribosomal subunit, followed by the 60S
ribosomal subunit and the mRNA to be translated. GTP is hydrolysed to guanosine

diphosphate GDP and protein synthesis is initiated (Safer et al., 1975).
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The gamma subunit of elF2 binds to either GTP or GDP, the energy depleted form
of GTP. To initiate translation, e[F2 must be bound to GTP, as the energy needed to start
translation is provided when GTP loses a phosphate group and becomes GDP. In order to
initiate protein synthesis again, the GDP must be swapped for GTP in an exchange
catalysed by elF2[, an exchange which can only occur while elF2a is unphosphorylated

(Gonsky et al., 1990, Yang and Hinnebusch, 1996).

Finally, the alpha subunit provides regulation sites which control the activity of
elF2. In humans, when the phosphorylation site on serine 51 is phosphorylated, the
exchange of GDP for GTP is prevented. In this way, the phosphorylation of eIF2a inhibits

protein synthesis within a cell.

There are four well documented elF2a kinases currently known, with each responding

to a different stress either within or external to the cell:

1. Protein Kinase R (PKR) is an elF2a kinase which is activated by dsRNA, and has
so far only been found in animals. As dsRNA is an integral part of the viral
replication cycle, PKR acts as an antiviral defence mechanism, which will be

discussed in greater detail in section 1.2.2.2

2. Protein-kinase-like Endoplasmic Reticulum Kinase (PERK) phosphorylates elF2a
in response to the accumulation of incorrectly folded proteins in the endoplasmic
reticulum, and has only been discovered so far in animals (Harding et al., 1999).

When viral infection is successful within a cell, a large number of unfolded or mis-
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folded viral proteins are produced. This can trigger PERK to phosphorylate elF2a,
slowing down protein synthesis and easing the stress on the ER. This may or may
not be of benefit to the virus as while protein synthesis is slowed, the host cell
becomes more effective at producing correctly-folded proteins.

Haem Regulated elF2a kinase (HRI) phosphorylates elF2a in response to iron
(haem) deficiency in animals. Haem is necessary for the creation of red blood cells,
binding to a- and B-globin to form haemoglobin. When haem levels drop, a- and -
globins accumulate in the RBC, forming haem-free aggregations. This causes
hyperplasia and anaemia in the host, as well as decreasing the availability of
precursor red blood cells in bone marrow and the spleen. In order to prevent the
accumulation of a- and B-globins, HRI responds to low haem levels by
phosphorylating elF2a, slowing down protein synthesis and preventing a build-up
of harmful proteins (Han et al., 2001).

. GCN2, which has been shown to have homologues in plants, yeast and invertebrates
(Olsen et al., 1998), phosphorylates elF2a in response to wounding, UV damage,
cold shock or amino acid shortages within a cell (Jiang and Wek, 2005, Jiang et al.,
2003, Lageix et al., 2008, Hofmann et al., 2012). The slow speed of translation
while elF2a is phosphorylated causes other genes to be preferentially translated. For
example, when plants experience nutrient limitation, uncharged t-RNAs accumulate
in the cell, binding to GCN2 and triggering it to phosphorylate elF2a, allowing the
gene GCN4 to be preferentially translated, which in turn stimulates the production

of enzymes involved in amino acid biosynthesis (Dever et al., 1992).
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In addition to these well documented elF2a kinases, studies by Bilgin et al in 2006
suggested that another e[F2a kinase may be present in plants, but is usually suppressed by
IPK, a plant encoded inhibitor of elF2a kinases. This protein reacts to viral infection,

causing over-phosphorylation of elF2a resulting in a lethal reduction in protein synthesis.

1.2.2.2. elF2a kinases are part of an antiviral defence which viruses have

evolved to counter

Currently only two elF2a kinases, PKR and GCN2, have well documented
responses to viral infection, with a third unknown kinase in plants found to be active only
when IPK is knocked out. This third kinase will be discussed in greater detail in section
1.2.2.3, while this section focuses on the two better known elF2a kinases, PKR and GCN2.
PKR is part of the interferon (IFN) response, and is usually suppressed within a cell by
IPK. Upon viral infection, PKR binds to dsRNA of greater than 30 bp in length via two
dsRNA binding motifs at the N terminus, causing PKR to dimerise and thereby become
capable of phosphorylating elF2o (Wu and Kaufman, 1997). PKR can bind to dsRNA of at
least 15bp, but requires at least 30bp to achieve dimerisation and hence elF2a
phosphorylation. As dsRNA is an integral part of the viral replication cycle, without

inhibition PKR is an effective antiviral mechanism.
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Although PKR is the most well-known elF2a kinase to respond to viral infection, it
is only present in animals. GCN2 is found in yeast, with orthologues present in plants and
animals. GCN2 has been shown to respond to Sindbis virus infection by phosphorylating
elF2a (Berlanga et al., 2006), but most commonly phosphorylates e[F2a in response to
nutrient limitation. GCN2 contains a histidyl-tRNA synthatase-like domain near its C-
terminal which binds to uncharged t-RNAs. When bound to an uncharged tRNA, GCN2

dimerises and becomes capable of phosphorylating elF2a (Qiu et al., 2001).

1.2.2.3. 1PKs an inhibitor of an unknown elF2a Kinase in plants

IPK is found in plants, animals and yeast, and functions as an inhibitor of PKR in
animals by binding directly to PKR amino acids (aa) 244 t0296, a region necessary for the
dimerisation of PKR (Tan et al., 1998). IPK also acts as an inhibitor for an unknown elF2a
kinase in plants. This unknown elF2a kinase is triggered by viral infection, and, in the
absence of IPK, causes over-phosphorylation of eIF2a. Over phosphorylation of elF2a in
plants inhibits protein translation to such an extent that the infected leaf will die within 12
days of infection, and the entire plant within 21 days (Bilgin et al, 2004). As the unknown
elF2a kinase is both repressed by IPK and triggered by viral infection, it is possible that the

unknown kinase is a functional homologue to PKR.
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1.2.2.4. Viruses have evolved ways of inhibiting elF2a phosphorylation

The phosphorylation of elF2a is a vital host defence against viral infection,
preventing translation of viral proteins and rendering the cell machinery unusable to the
virus. Many viruses such as Epstein-Barr virus, adenovirus, Poliovirus, vaccinia virus,
human immunodeficiency virus type one (HIV-1), influenza virus and Reovirus encode
inhibitors of elF2a kinases. As this is a crucial step in successful viral infection, being able
to suppress the elF2a pathway provides viruses with a great advantage. Consequently, a
number of viruses have independently evolved different mechanisms of inhibition. Most
viruses encode at least one inhibitor, with some viruses encoding multiple inhibitors, as
shown in Table 1.2. For example, vaccina and influenza viruses both produce at least two
PKR inhibitors (Davies et al, 1993). Methods of inhibition vary widely, including such
techniques as decoy dsRNA, destruction or inhibition of elF2a kinases, the protection or
concealment of virus RNA, or preventing dimerisation of PKR. Figure 1.3 illustrates the
pathway by which PKR phosphorylates elF2a, while Table 1.2 lists known ways in which

virus-encoded inhibitors of elF2a kinases interrupt this pathway.
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Figure 1.3: In order for elF2a to be phosphorylated in response to viral infection, first PKR be present in
sufficient quantity in the cell, then be activated by dsRNA, dimerise and finally phosphorylate elF2a. Viruses

can encode products which interfere with this pathway at a variety of points, as illustrated in Table 1.2 (Gale

Jr and Katze, 1998)
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Table 1.2: Virus encoded inhibitors of elF 2o kinases, the method of action, virus, host range and name of the

inhibitor.
Method Virus Host Range | Inhibitor Reference
Decoy Epstein-Barr Humans EBERI Clarke, Sharp & Clemens,
dsRNA virus 1996
Adenovirus Animals VALl Thimmappaya et al 1982
PKR Poliovirus Humans 2APr Black et al, 1989
degradation
Protect or Reovirus Plants and 63 Schiff et al, 1988
hide viral Animals
dsRNA Vaccina virus Mammals E3L Chang & Jacobs, 1993
Influenza virus | Poultry and NS1 Lu et al, 1995
Mammals
Pseudo- Vaccina virus Mammals K3L (Sharp et al., 1997)
substrate (including
humans)
Human Humans Tat (Endo-Munoz et al., 2005)
Immuno-
deficiency Virus
1 (HIV-1)

Decoy dsRNA such as that encoded by adenovirus and Epstein-Barr virus were
discovered to be inhibitors of PKR function in the early 1980s (Thimmappaya et al., 1982)
and were later discovered to function by binding to PKR in the same dsRNA binding zone
that would usually trigger e[F2a phosphorylation. However, no inhibition of protein
synthesis is observed, suggesting that the abundant decoy dsRNA produced by adenovirus
and Epstein-Barr virus do not activate PKR. This is likely due to the complex secondary

structures in EBER1 and VA1 RNA (Clarke et al., 1990).
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One of the most direct methods of preventing phosphorylation of eIF2a in response
to viral infection is the degradation of PKR. The 2AP™ protease encoded by Poliovirus
appears to cleave PKR (O'Neill and Racaniello, 1989), although this is disputed, with
studies suggesting that the reduced translation of viral in proteins in 2A™ mutants is due to
the ability of 2A™™ to allow protein synthesis to occur independently of elF2a
phosphorylation (Redondo et al., 2011, O'Neill and Racaniello, 1989). However this does
not explain the findings of Black et al, who in 1989 found high levels of degraded PKR in

Polio virus infected cells.

The protection of dSRNA by virally encoded proteins prevents PKR from activation,
as it cannot dimerise without binding to dsRNA. The virally encoded proteins E3L, NS1
and o3 from Vaccina, Influenza and Reovirus, respectively, all bind to dsRNA, resulting in
low levels of elF2a phosphorylation. Each of these viral proteins contain dSRNA binding
motifs (dsSRBM), areas of highly conserved protein sequences which have been shown to
bind to dsRNA regardless of the RNA sequence. dsRBMs are found in proteins from
viruses, bacteria and both lower and higher eukaryotes (Fierro-Monti and Mathews, 2000).
A potential mechanism of action for the dsSRBM can be found in the tertiary structure of 63,
as it has been found that when 63 forms a homodimer, a long negatively charged area

which has been proposed to interact with dsRNA is created (Olland et al., 2001).

The final method of PKR inhibition mentioned in Table 1.2 is that of the formation of
pseudosubstrates, proteins which bind to PKR in the same area as elF2a, blocking the
elF2a-binding site of PKR and thereby preventing the phosphorylation of elF2a. Both the

K3L protein encoded by vaccina virus (Sharp et al., 1997) and the Tat protein encoded by
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HIV-1 bind to PKR at the elF2a binding site, but with different results. K3L provides
competitive inhibition by physically blocking elF2a from PKR, whereas Tat both competes
with elF2a as a substrate for PKR, and uses the subsequent phosphorylation of Tat by PKR
as an advantage. Tat functions as an elongation factor, binding to the TAR region of viral
dsRNA to begin translation. Phosphorylation of Tat by PKR allows faster, stronger and
greater binding of Tat to TAR RNA (Endo-Munoz et al., 2005), initiating translation. TAR
has also been shown to activate PKR, causing increased levels of phosphorylation of Tat. In

this way, HIV-1 both activates PKR and prevents e[F2a phosphorylation.

1.3. Some viral suppressors of RNA silencing also inhibit elF2a phosphorylation

With the establishment of standardised methods of establishing whether or not a virally-
virally-encoded protein has VSR activity (Roth et al., 2004), a number of PKR-inhibiting
proteins are now being tested for VSR activity (Lichner, Silhavy & Burgyan 2002, Hasse et
al, 2005). Some proteins have been found to function not only as PKR inhibitors, but also
as VSRs. For example, the viral proteins 63, E3L and NS1 are featured in both

Table1.1 , which lists suppressors of RNA silencing, and Table 1.2,

which lists PKR inhibitors.

Table 1.3 compares the two, demonstrating that, so far, these proteins function in both
cases by binding to dsRNA - a key component in the activation of elF2a kinases and DCL.
This demonstrates that inhibitors of RNA silencing can have effects ranging far beyond
gene repression, effecting other pathways entirely. As RNA and DNA are the foundations
upon which all life is built, any suppression of gene expression can have a long-reaching

effect, which we are only just beginning to understand.
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So far, no plant viruses have been investigated to determine if plant VSRs can also

function as inhibitors of elF2a kinases. To date, research has focused primarily on the

animal kinase, PKR, excluding other elF2a kinases such as GCN2, which not only has been

shown to respond to a virus infection but also can be found in yeasts, plants and animals.

Study of the interactions between plant VSRs and inhibitors of eIlF2a kinases would allow

research currently limited by ethical and practical considerations surrounding animal cell

culture to be more freely investigated.

Table 1.3: The three viruses known to encode a protein which functions as both an inhibitor of PKR and a

VSR, the method of RNAi suppression, and the method by which elF 20 phosphorylation is inhibited.

Virus Host VSR/PKR Method of Method of PKR inhibition
Range inhibitor RNAI
suppression
Reovirus | Animals, 63 Binds to long | Protects or hides viral dsSRNA
plants dsRNA
Vaccina | Mammals E3L Binds to short | Protects or hides viral dsSRNA
virus and long dsSRNA
Influenza | Mammals NSI Binds to short | Protects or hide viral dSRNA
viruses , poultry dsRNA
types A, B
and C
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1.4. Research questions and aims of this research
14.1. Aim 1: To determine if el F20 kinase activity is altered in plants upon

virus infection

The first aim of this project was to identify whether or not virus infected A. thaliana
have altered elF2a phosphorylation activity upon viral infection, and if elF2a
phosphorylation upon viral infection is inhibited by the presence of the host-encoded
protein kinase inhibitor IPK. In order to do this, the four objectives described below were
met. The methods and materials required for the completion of the following objectives is
described in Chapter 2, while findings are described in Chapter 3.

1. Wild-type and Arabidopsis plants with a non-functional IPK gene were infected

with Turnip vein clearing virus (TVCV) and Turnip yellow mosaic virus
(TYMYV). Virus infection was confirmed by symptomology, enzyme-linked
immunosorbent assay (ELISA) or Agdia® Immunostrip.

2. Samples were taken from inoculated leaf tissue at 0, 3, 6, 9 and 24 hours, 3, 5
and 7 days and 2 weeks post inoculation, and the total protein extracted and
quantified.

3. The amount of phosphorylated eIF2a present in a control sample of A. thaliana
tissue was quantified via western blot.

4. The amount of phosphorylated elF2a present in leaf tissue was determined by

western blot, using the control sample from Objective 3 as a reference.
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1.4.2. Aim 2: To determine if VSRs affect eIF2a kinases independently of viral

infection

The second aim of this project was to determine if the expression of a VSR in plant
tissue inhibits the ability of the host plant to phosphorylate e[F2a by the protein kinase
GCN2. In order to achieve this, the six objectives described below were met. The methods
and materials for this aim are described in Chapter 4, while the findings are described in
Chapter 5. The projects as a whole is discussed and final perspectives are provided in
Chapter 6.

1. The bacteria Agrobacterium tumefaciens was transformed to contain a binary

vector one of a number of VSRS or the elF2a kinase inhibitor IPK.

2. The VSR transformed A. tumefaciens were introduced into the leaf cavity of
Nicotiana benthamiana plants through agroinfiltration, either in isolation or
together with IPK-transformed A4. tumefaciens.

3. Total RNA was isolated from agroinfiltrated N. benthamiana and the presence of
RNA matching the introduced VSR was confirmed via RT-PCR.

4. Half of each sample group of agroinfiltrated N. benthamiana plants were
sprayed with glyphosate to induce elF2a phosphorylation.

5. The total protein was extracted from agroinfiltrated leaves of both glyphosate
treated and untreated agroinfiltrated N. benthamiana.

6. The amount of phosphorylated elF2a present in the plant tissue expressing the
VSR was quantified via western blot, using the control sample from Aim 1,

Objective 3 as a positive control for a known amount of phosphorylated elF2a.
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Chapter 2

Is elF2a kinase activity
altered 1n plants upon virus
infection?

Methods and Materials
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Plants

Seeds from wild-type Arabidopsis thaliana, ecotype Columbia 0 and the mutant
IPK knockout line SALK 103659 (Yamamoto et al., 2008) were grown in Daltons
Premium Seed Mix® and maintained at 22°C under 16 hours light and eight hours dark for
the duration of the experiment. Seeds were initially sown in bulk and seedlings were
planted into individual pots at three weeks for inoculation with TVCYV, or five weeks for
inoculation with CaMV, CMV, TMV or TYMYV, and then allowed to mature for a further

week before inoculation.

2.2. Viral infection

2.2.1. Inoculation

Leaves from the inoculum source (Table 2.1) were homogenised with inoculation
buffer (K2HPO4 pH 7.4 in double distilled H>O (ddH20), with 0.1% w/v Na>SO; added
before use) at a ratio of roughly 1 mL inoculation buftfer per 2.5 cm square of leaf material.
The resulting homogenate was then mixed with 5% w/v powdered carborundum of an
unknown mesh size and applied to the upper surface of 3-4 fully expanded leaves with a
cotton bud while the leaf was supported from below. For each virus tested, 48 wild-type 4.
thaliana and 48 IPK knockout mutant A. thaliana plants were inoculated as described
above. As a control, the same number of wild-type and mutant plants were mock-inoculated

with inoculation buffer mixed with 5% w/v carborundum.
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Table 2.1: Viruses used for A. thaliana inoculation in this experiment and their descriptors, hosts, symptoms, method of identification and VSR.

Virus Family Genome Host Symptoms Test VSR
CMV Bromoviridae Positive >1200 Young leaves appear narrow and the RT-PCR/Agdia 2b
sense species entire plant to be stunted. Immunostrip®
ssRNA
CaMV | Caulimoviridae | dsDNA Brassica & | Variety of systemic symptoms such as RT-PCR P6
Solanaceae mosaic, necrotic lesions on leaf
surfaces, stunted growth, and
deformation of the overall plant
structure
™V Virgaviridae Positive | Solanaceae The infection causes characteristic Agdia 126kDa
sense patterns, such as "mosaic"-like Immunostrip®/ELISA protein
ssRNA mottling and discoloration on the
leaves
TVCV Virgaviridae Positive Brassica Vein-clearing, mosaic, symptomless, Agdia Replicase
sense other. Immunostrip®/ELISA small
ssRNA subunit
TYMV Tymoviridae Positive Brassica Bright yellow mosaic disease showing RT-PCR P69, V2
sense vein clearing and moulting of plant
ssRNA tissues

Page 49 of 161



http://en.wikipedia.org/wiki/Tymoviridae

2.2.2. Sampling of inoculated leaves for protein extraction

For time points up to and including one week, two to three inoculated leaves were
removed from the plant at the base of the petiole and frozen at -80°C. Samples taken at two
and three weeks were of approximately 1 cm? of leaf tissue cut by a scalpel from one or two

symptomatic leaves, which were also stored at -80°C.

2.2.3. Confirmation of viral infection via Agdia Immunostrip®

Agdia Immunostrip® (Agdia, Elkhart, IN, USA) testing kits were used to confirm
infection of 4. thaliana with CMV, TMV or TVCYV as described in section 2.2.1.
Approximately 2.5 cm square of leaf tissue from 28 days post inoculation was placed in the
bag provided with the sample kit with the provided extraction buffer (Agdia SEB).
Mechanical force was applied via the blunt end of a pen over the bag, disintegrating the
sample tissue and dispersing the cell contents into the extraction buffer. The lower portion
of the immunostrip was then immersed in the resulting homogenate for five to ten minutes.
A single line on the immunostrip confirmed the efficiency of the test, and two lines
indicated the samples were positive for CMV, TMV or TVCYV, depending on the

immunostrip used. TMV immunostrips were used for detection of both TMV and TVCV.
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2.2.4. Detection of TVCYV infection via ELISA

Metal punches 8 mm in diameter were used to remove circles of leaf tissue from
four week old inoculated plants for testing, as well as a positive control (TVCV infected N.
benthamiana) and negative control (uninoculated A. thaliana). Leaf discs from A. thaliana
samples were homogenised in 1 mL extraction buffer (0.16%, Na;CO3, 0.294% NaHCOs3,
2% polyvinylpyrrolidone (PVP), 0.02% NaN3, pH 9.6) and 200 pL of the resulting
homogenate was loaded into a C96 MaxiSorp™ Nunc ELISA plate, which was covered

with the 1id and left to incubate for four hours at 30°C.

The positive control was prepared in the same manner as the A. thaliana samples.
100 pL of the resulting homogenate was loaded into two wells. To one of these, 100 uL of
extraction buffer was added and pipetted up and down to mix. This solution (100 pL) was
loaded into the next well over along with 100 pL extraction buffer, and in this manner serial

dilutions to 1/126 homogenate to buffer were loaded onto the plate.

The primary antibody used for TVCV detection was Bioreba DAS-ELISA TMV
primary antibody, which although designed for used against TMV worked reliably for
TVCYV detection. Due to the cross-reactive nature of the primary antibody, the antibody was
first incubated with plant extract from healthy tissue of the same species as the sample.
Plant tissue was crushed in conjugate buffer (2% PVP, 0.2% Bovine Serum Albumin, 5%
PBS Tween® 20, pH 7.4) at a concentration of 10 pg/mL. The homogenate was centrifuged
at 5000 rcf for ten minutes at room temperature, and the primary antibody added to the
supernatant at a dilution of 1 uL/mL (1:1000). This solution was left to incubate at room

temperature for three hours.
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After incubation, the plate was washed four times in ddH>O and once in 1X PBS-
Tween® (16% NacCl, 0.4% KH>POs, 2.3% NaxHPO4, 0.4% KCl, 0.4% NaNs, 1% Tween-
20, pH 7.4). The plate was tapped upside-down on an absorbent surface to remove excess
moisture, and 200 pL of the primary antibody solution described above added to each well.

The plate was then covered and incubated overnight at 4°C.

Conjugate antibody was prepared by diluting anti-mouse antibody (Anti-Mouse IgG
Alkaline Phosphatase conjugate, Sigma Aldrich, St Louis, MO, USA) 0.1 pl/mL (1:10000)
in conjugate buffer (recipe on previous page). After incubation, the plate was rinsed four
times in ddH>O and tapped dry. Conjugate antibody (200 pnL) was loaded into each well,

and the plate covered and incubated at 30°C for four hours.

After incubation, the plate was rinsed seven times in ddH>O and vigorously tapped
dry. To each well 200 pL of 1 mg/mL p-nitrophenyl phosphate (pNPP) in substrate buffer
(10.68% diethanolamine, 0.02% NaN3 and HCI to pH 9.8) was added and left to incubate at
room temperature for two minutes. The plate was then scanned by a Multiskan EX ELISA
plate reader (Thermo-Fisher Scientific, Waltham, MA, USA). For each reading the scanner
took two optical density (OD) measurements; firstly at an absorbance of 405 nm and ten
seconds later at an absorbance of 490 nm. Readings were taken every half hour for two and
a half hours, and the final optical density (OD) used to determine the rate of colour

development. The formula below was used to determine the overall OD/min for each well.
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Reaction rate (OD/min) = (OD2 — OD1) / (t2 — t1)

Where, OD; is the optical density at time point 2 (OD)
OD; is the optical density at time point 1 (OD)
t2 is the time when the optical density reading 2 (OD) was taken (min)

t1 is the time when the optical density reading 1 (OD;) was taken (min)

Final OD/min readings were arranged in order of largest to smallest and any OD/min lower
than the third lowest positive dilution (1/32) was considered to be negative (Dan Cohen,
personal communication). Borderline and unexpected results were tested using Agdia TMV

ImmunoStrips®.

2.2.5. Detection of TYMYV and CMYV via two-step RT-PCR
2.251. Total RNA extraction

Total plant RNA was extracted from approximately 100 mg of plant tissue, sampled
3 weeks post inoculation and stored at -80°C. RNA was extracted using a Sigma Spectrum
Plant Total RNA Kit (Sigma-Aldrich, St Louis, MO, USA), following the manufacturer’s
instructions, which were as follows: plant tissue was ground in liquid nitrogen to a fine
powder using a mortar and pestle, and 250 pL lysis solution containing 10puL/mL of -
mercaptoethanol was added directly to the ground tissue, then mixed thoroughly with the

pestle.
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The mixture was then incubated for five minutes at 56°C, and then centrifuged at
maximum speed at room temperature for three minutes to pellet cellular debris. The
supernatant was then filtered through the provided column filter at 16,000 rcf for 1 minute
to remove remaining cellular debris. Binding solution (250 pl) was then added to the lysate,
the solution mixed immediately and transferred to the provided binding column. In cases
where less than 100 mg of plant tissue was harvested, 500 pL of binding solution was
added. This was allowed to sit for one minute, and then centrifuged at 16,000 rcf for a
further minute. The resulting filtrate was discarded, and the column washed once with
Wash Solution 1 and twice with Wash Solution 2, centrifuging in between each wash and
after the final wash for 30 seconds at 16,000 rcf. The RNA was then eluted from the
column using 30 pL of elution solution instead of the recommended 50 puL, as this provided

a more concentrated sample.

The quality and concentration of the RNA was measured using a Nanodrop 1000

(Thermo-Fisher, Waltham, MA, USA) at 260/280 and 260/230 nm, and the RNA stored at

-80°C until use.
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2.25.2. RT-PCR for detection of viral RNA

Single strand cDNA was synthesised from the sample using SuperScript III Reverse
Transcriptase kit (Life Technologies, Carlsbad, CA, USA). The sample RNA (approx
100ng) was added to 0.1 uM reverse primer (see Table 2.2), 0.5 uM dNTPs and sufficient
nuclease free water to bring the total volume to 13 pL. The solution was then heated at
65°C for 5 minutes, then chilled on ice for a further 2 minutes. To the chilled solution was
added 1 x RT buffer (50 mM Tris-HCI [pH 8.3], 75 mM KCI; 3 mM MgCly), 5 mM MgCla,
10 mM dithiothreitol (DTT), 100 U SuperScript I11, 20 U RNase OUT and sufficient
ddH>O to bring the volume to 20 pL. The solution was heated at 50°C for 50 minutes, then
85°C for 5 minutes. The resulting cDNA was then stored at -20°C until needed, or used

immediately for PCR.

PCR was performed using native Tag DNA polymerase (Life Technologies,
Carlsbad, CA, USA) and accompanying buffers (Life Technologies, Carlsbad, CA, USA).
The cDNA (1 pL) was mixed with 0.1 uM each of forward and reverse primer (see Table
2.2), 0.25 uM dNTPs, 1 x PCR bufter (10 mM Tris-HCI, 50 mM KCI [pH 6.8]), 1.25 mM
MgCl> and 1 U native Taq polymerase (Life Technologies, Carlsbad, CA, USA). Each plant
sample was also tested with NADS primers as an internal control to confirm viability of

RNA and RT-PCR (Ecke et al., 1990, Menzel et al., 2002)
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Table 2.2: Primers used to confirm presence of the infecting virus and the control gene NADS.

Primer Primer Sequence (5" -3°) Expected Annealing
product temp. (°C)
size
CaMV-P35S-F CACGCTGAAATCACCAGTCTC 118 bp 64.0
CaMV-P35S-R AACACGTGAGCGAAACCCTA 63.8
TYMV-MP- F CACCATCCATCCTACCTTGC 247 bp 58.8
TYMV-MP- R CGGTGATGGAGATGAGGAGT 58.5
NADS F GATGCTTCTTGGGGCTTCTTGTT 181 bp 63.6
NADS R CTCCAGTCACCAACATTGGCATAA 63.8

2.253. Agarose gel electrophoresis

Agarose gel electrophoresis was performed using 2% agarose in 1x TAE (40mM
Tris-HCI [pH 8.4], 0.11% glacial acetic acid, ImM ethylenediaminetetraacetic acid
(EDTA)). PCR product (8 uL) was mixed with 0.8 pl 10x Loading Buffer (30% v/v
glycerol, 0.25% w/v bromphenol blue, 0.25% w/v xylene cyanol (Wood, 1992) and from
this 8 uL total was loaded into each well. One lane per gel contained 8-10 uL 1 Kb Plus
DNA Ladder (Life Technologies, Carlsbad, CA, USA). Electrophoresis was performed at
90 V for 60 minutes. The gel was then immersed in 0.01% ethidium bromide in 1x TAE for
20 minutes, after which it was examined under UV light using a Bio-Rad GelDoc™ 1000

imager.
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2.3. Extraction of total plant protein

Two methods of protein extraction were used in this thesis. Protein extraction
method A involved grinding approximately 100 mg of plant tissue into a fine powder in
liquid nitrogen. To this, 200 pL of extraction buffer A (25mM Tris-HCI [pH 7.6], 8SmM
NaCl, 15mM MgCl,, 15mM EDTA, 0.05% sodium dodecyl sulphate (SDS), 2.5 mM NaF,
10uL/mL Sigma Protease Inhibitor Cocktail, SmM DTT) was added and mixed thoroughly.
Protein extraction method B was performed by mechanical homogenisation of 100 mg plant
tissue in 100 pL extraction buffer B (20mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 0.1M KCl, 10% glycerol, SmM MgCl,, 5SmM MgSOs, with 10 uL/mL of
Sigma Protease Inhibitor Cocktail and 10puL/mL B-mercaptoethanol added directly before
use) on ice. Protein concentration was then measured (see section 2.5.1) and the protein

aliquoted to a total of 10ug protein per tube. These were then frozen at -80°C until use.

2.4. Concentration of plant protein via precipitation
In order to increase the quantity of total plant protein which could be loaded into each
well of an SDS-PAGE gel, plant protein was precipitated using the tricholoroacetic acid

(TCA) -acetone method.
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After protein extraction using protein extraction method B (section 2.2.5.3), the
extracted protein was mixed with 100% TCA-DOC (100 g/mL TCA, 0.1% w/w sodium
deoxychlorate in ddH>0) in a 4:1 ratio plant protein to TCA-DOC. This was then incubated
on ice for 30 minutes, after which the resulting suspension was centrifuged at 16 000 rcf at
4°C for 15 minutes. The supernatant was discarded and the pellet resuspended in 0.5 mL
acetone kept at -20°C. The suspension was then centrifuged again at 16 000 rcf for 10
minutes at 4°C. Excess acetone was removed, and the pellet air-dried until no liquid was
visible in the tube. Without allowing the pellet to dry further, 30 pL. SDS loading buffer
(section 2.6) and 1 pL. 1 M Tris-HCI was added to the pellet and the mixture left under
gentle agitation at 4°C overnight. The solution was then spun down at 5000 rcf for one
minute at 4°C and any remaining solid material discarded. The supernatant contained the

total plant protein, which was then quantified.

2.5. Quantification of total plant protein

Protein was quantified either by Bradford assay or Qubit® fluorometry.

25.1. Bradford assay

The dye reagent used was Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-
Rad Laboratories Inc., Hercules. CA, USA) diluted one part concentrate to three parts
ddH»O, then filtered through a Whatman #1 filter. Bovine Serine Albumin (BSA) standards
were prepared by reconstituting 0.1 g BSA (Sigma Aldrich, St Louis, MO, USA) in 10mL
ddH>O. From this, dilutions of 300, 500, 750 and 1000 pg/mL were made and used as

standards.
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A 20uL aliquot of sample or standard was placed into an Eppendorf tube and 0.5mL
diluted Bradford reagent added. Samples were mixed thoroughly and left to incubate for 5
minutes at room temperature. Absorbance was then measured at 595 nm using a Thermo-

Fisher Nanodrop 1000 according to manufacturer’s instructions.

2.5.2. Qubit ® fluorometric quantitation

For the majority of protein measurements, Qubit® 2.0 Fluorometer (Life
Technologies, Carlsbad, CA, USA) was used to determine protein concentration. Qubit®
Working Solution was prepared by diluting Qubit® Protein Reagent 1:200 in Qubit®
Protein Buffer. For each sample, 198 uL Qubit® Working Solution was added to 2 pL of
protein extract. This was vortexed immediately and left to incubate for 15-20 minutes. For
each sample, 2 pL of the batch of extraction buffer (see section 2.2.5.3) used for sample
preparation was also measured. All readings were performed in duplicate. After 15-20
minutes, the samples were read using the Qubit® 2.0 Fluorometer, which automatically

calculates the protein concentration in the sample.
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2.6. Western blot

2.6.1. Gel electrophoresis

Equal weights of protein as determined by step 2.5.1 were loaded into an Eppendorf
test tube and the total volume made up to 22puL with SDS loading buffer (1% SDS, 10 mM
Tris-HCI [pH 6.8], 1 mM EDTA and 80 mM DTT). To this 3uL of loading dye (0.5 mg/mL
bromophenol blue in glycerol) was added and the solution mixed by pipetting up and down.
The sample was heated in a sealed tube at 85°C for 5 minutes, then cooled at room
temperature for 5-10 minutes. The samples were then centrifuged to return evaporated

water on the sides and lid to the bottom of the tube.

Samples were loaded into SDS-polyacrylamide gel electrophoresis (PAGE) gel
(Loading gel: 15% acrylamide, 375 mM Tris-HCI [pH 8.8], 2% SDS, 2% ammonium
persulfate, 0.2% tetramethylethylenediamine (TEMED). Running gel: 10% acrylamide, 375
mM Tris-HCI [pH 8.8], 0.1% SDS, 0.1% ammonium persulfate, 0.125% TEMED) and run
in SDS Running Buffer (1% SDS, 187 mM glycine, 25 mM Tris) at 90V for 120 minutes in

a Mini-PROTEAN 2-D Cell gel electrophoresis tank (Bio-Rad, Hercules, CA, USA).

2.6.2. Transfer

Once electrophoresis was complete a 0.45 um polyvinylidene difluoride (PVDF)
Millipore Immobilon-P Membrane was briefly immersed in methanol and then left to rest
for 2-5 minutes in Towbin Western Transfer Buffer ( 20% methanol, 192 mM glycine, 25

mM Tris-HCI (pH 8.3).

Page 60 of 161



The SDS-PAGE gel was then placed on the membrane and filter paper on both
sides. The gel-membrane sandwich was placed between transfer buffer-soaked sponges, and
placed into the transfer apparatus, which was run at 90 amps for 16 hours. After transfer,
the membrane was removed from the sandwich and incubated in Ponceau S stain (0.1% w/v
Ponceau S, 5% acetic acid) for 5 minutes. The stain was then gently washed off by agitation

of the membrane in ddH>O. Presence of red bands confirmed protein transfers.

2.6.3. Antibody incubation using the phosphorylated elF2a specific primary
antibody
Prior to incubation with the primary antibody, the membrane was blocked by
immersion in 3% BSA in Tris buffered saline with 0.1% Tween (TBS-T) (20mM Tris [pH
7.5], 150mM NaCl, 0.1% Tween 20). The BSA was first dissolved in TBS-T, then filtered
through a sterile 0.2uM cellulose-acetate filter to remove undissolved crystals of BSA and
large microbes. The membrane was then incubated in the 3% BSA TBS-T for 1 hour at

room temperature with gentle agitation.

After blocking, the membrane was incubated in 1 pL/mL (1:1000) anti-eIF2A
(phospho S51) primary antibody (Abcam, Cambridge, UK) diluted in 3% BSA TBS-T.
Blocking occurred by immersion in the diluted antibody for 14 hours at 4°C with gentle
agitation. After incubation with primary antibody, the membrane was immersed in TBS-T
and placed on a rocker for 5 minutes. The TBS-T was drained and replaced, and the
membrane was rinsed in this manner seven times.

The secondary antibody used was horseradish peroxidase (HRP) conjugate of goat
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anti-rabbit IgG (Life Technologies, Carlsbad, CA, USA) and was diluted directly before use
to 0.1 pL/mL (1:10000) in filtered 3% BSA-TBS-T. The membrane was immersed in the
diluted antibody for one hour at room temperature, while being gently agitated. The
membrane was then washed in TBS-T as it was after incubation with primary antibody a

further nine times.

2.6.4. Antibody incubation using the generic eIF2a primary antibody

Blocking of the membrane was performed as in section 2.6.2 using 3% BSA TBS-T.
Concentrations of primary antibody varied from 2 (1:500) to 0.3 (1:3000) uL/mL and were
diluted directly before use in 3% BSA TBS-T. The membrane was incubated and washed as
in section 2.6.2. The secondary antibody used was HRP conjugate of goat anti-mouse IgG
(Life Technologies, Carlsbad, CA, USA) and concentrations of 0.1 (1:10000) and 0.05
(1:20000) pL/mL antibody in 3% BSA TBS-T were used. Incubation and subsequent

washing occurred as described in section 2.6.3.

2.6.5. Exposure of western membranes

PerkinElmer Western Lighting ECL Pro substrate (PerkinElmer Inc., Waltham, MA,
USA) was mixed and 0.5 mL was applied equally to the entire membrane, then allowed to
incubate for 2 minutes before the membrane was squeezed dry. Detection of the amount of
position of the resulting chemiluminescence took place immediately after removal of the
substrate, using the Bio-Rad ChemiDoc MP™ System and ImagelL.ab™ Software.

Exposure times varied from 30 seconds to an hour, depending on signal strength.

2.6.6. Removing antibodies from post-exposure membranes
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In order to remove previous antibodies, membranes were immersed and gently
agitated in 0.2 M glycine stripping buffer (200 mM glycine, 1% Tween-20, 0.1% SDS) for
20 minutes at room temperature. The membrane was then washed in TBS-T seven times as
described in section 2.6.2. Addition of the new antibody then proceeded as described in

sections 2.6.2 or 2.6.3.

2.7. Coomassie blue staining of SDS-PAGE gels

In order to determine if all protein has transferred from an SDS-PAGE gel to the
western membrane, the gels were stained post transfer by immersion in Coomassie blue
staining solution (methanol 50% v/v, glacial acetic acid 10% v/v, 0.1% Coomassie brilliant
blue w/v) for one hour. After this, gels were left immersed in ddH>O for 15 minutes three
times, with the water changed in between each sock. The gel was then immersed in water

and gently agitated overnight.

2.8. Quantification of eIF2a in positive control
2.8.1. Phosphorylation and serial dilution of elF2a
In order to use pure phosphorylated elF2a as a standard by which to quantify
phosphorylated elF2a in plant samples, bacterially expressed A. thaliana elF20 was

incubated with bacterially expressed human PKR and ATP as follows.
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In order to phosphorylate elF2a for quantification in section 3.4, 5.2 pg bacterially
expressed elF2a, 2.6 pg PKR and 1pg of Poly I:C were added to incubation buffer to a
final volume of 40uL. After 30 minutes, 10uL of the solution was diluted in 150uL SDS
loading buffer (see section 2.6) to create a solution with a final phosphorylated elF2a
content of 312 ng/pL. Of this, 20ul was added to 20uL of SDS loading buffer and mixed to
create a 1:2 dilution with a phosphorylated eIF2a concentration of 156 ng/uL. From the 1:2
dilution, 20ul was again mixed with 20uL of SDS buffer to create a 1:4 dilution, and so on
down to a final dilution of 1:2048, with a phosphorylated e[F2a concentration of 0.1523
ng/uL. The dilutions were stored at -80°C until use, where 20uL of each dilution was mixed
with a further 2 uLL of SDS loading buffer and 3 pL loading dye, then heated to 85°C for 5

minutes and loaded as in section 2.6.

2.8.2. Creation of elF2a positive control

In order to quantify the amount of elF2a present in glyphosate-sprayed A4. thaliana,
approximately 20 4. thaliana seedlings were sprayed four weeks after germination with
150 uM glyphosate until the droplets ran off the leaves. After 24 hours, all leaves from all
seedlings were harvested and 2 mL of extraction buffer B (see section 2.3) was added. The
mixture was mechanically homogenised on ice, the protein concentration measured via
Qubit® fluorometry and subsequently aliquoted into tubes each containing a total of 10 pg

of plant protein. These were then frozen at -80°C until needed.
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Chapter 3

Is eIF2a kinase activity
altered 1n plants upon virus
infection?

Results
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3.1. Virus inoculation
In order to determine whether or not viral infection would alter the phosphorylation

status of elF2a in planta, it was first necessary to determine which viruses would infect 4.
thaliana efficiently. Initial attempts to infect A. thaliana with the viruses Cauliflower
mosaic virus (CaMV), Cucumber mosaic virus (CMV), Tobacco mosaic virus (TMV),
Turnip vein clearing virus (TVCV) and Turnip yellow mosaic virus (TYMV) showed
considerable variation in infection rate and visual symptoms for each virus. A large number
of virus-infected plants was required to ensure sufficient biological replicates at each time
point of the planned experiments. Therefore, it was preferable that the selected viruses were
capable of a high infection rate on 4. thaliana. Also, due to the large number of plants to be
tested, a direct correlation between symptoms and virus infection would be useful instead

of requiring immunological testing to confirm virus infection.

In order to test the infection rate and the correlation between symptom development
and infection, sets of ten A. thaliana plants were each infected with one of the above
viruses and observed for 28 dpi for symptom development. In addition, eight plants were
mock inoculated as negative controls to compare symptom development. At 28 dpi, each
plant was tested via Agdia Immunostrip® or RT-PCR (see sections 2.2.3 and 2.2.4
respectively for method) for the presence of the inoculated virus, with mock control plants

tested for all viruses
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Table 3.1: Symptom and infection rate in virus infected A. thaliana at 28dpi.

Inoculum Number of plant with symptoms Tested for Percentage
No visible Mild Severe infection via | of infected
symptoms plants

CaMV 10/10 0/10 0/10 RT-PCR 0
CMV 4/10 6/10* 0/10 Immunostrip® 0
™V 6/10 0/10 4/10 Immunostrip® 100

TVCV 0/10 0/10 10/10 Immunostrip® 100

TYMV 0/10 0/10 10/10 Immunostrip® 100
Mock 7/10 1/10 0/10 Immunostrip®, 0

RT-PCR

* Symptoms were mild (slight yellowing of leaves) and due to inexperience were attributed to potential virus

infection. This was likely due to nutrient deficiency, as this was an issue in other areas of the greenhouse.
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Table 3.1 shows that TVCV and TYMYV were suitable viruses for use in future
experiments due to their strong visual symptoms (TYMYV infection resulted in chlorosis,
necrosis, stunting of leaves and inflorescences, and plant death, TVCV infection resulted in
stunting and rounded leaves) and high infection rates. Although TMV had a high infection
rate it did not give visual symptoms (a light mottling of leaves) on all infected plants. In
addition, only a single member of the Tobamovirus genus was required; no significant
additional data was likely to be provided by infecting A. thaliana with both TMV in
addition to TVCV. Subsequent research used the 7obamovirus TVCV and the Tymovirus

TYMV exclusively.

3.2. Evaluation of protein extraction methods

3.2.1. Protein extraction method A

As the phosphorylation status of e[F2a was to be compared between healthy and
virus-infected plants by western blot, it was necessary to analyse protein of high quality.
Any unextracted or degraded protein would result in inaccurate quantification, as they may
be detected by protein quantification methods which detect small proteins, but not detected
by the antibody. Initial protein extraction from glyphosate treated plants using protein
extraction method A (see section 2.2.5.3) was of sufficient concentration to load 8 pg of

total plant protein per well, as measured using the Qubit® Fluorometer. This amount of
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total plant protein extracted and measured by the same method had been shown previously
to be sufficient to detect phosphorylated elF2a via western blot (Tracy Immanuel, personal

communication).

In order to replicate the experiment described above, protein was extracted from
single leaves taken from one A. thaliana and from one N. benthamiana plant, which were
sprayed with 150 M glyphosate 24 hours before harvest, and from control plants of the
same species which had not been sprayed with glyphosate. Protein was extracted from the
leaf tissue immediately and stored for a week at -80°C, and compared with protein extracted
from leaf tissue from fresh plants under the same conditions one week later. The protein
concentration of the samples was measured via Qubit® fluorometric quantitation, and 8 pg
of protein from each sample was examined via western blot using the phosphorylated elF2a

specific primary antibody as described in section 2.6.2.

Upon Ponceau S staining of the post-transfer membrane (method described in
section 2.6.1), samples appeared pale and inconsistent in concentration. The Ponceau S
stain in Figure 3.1, panel A shows the total protein present on the membrane and illustrates
that inconsistent amounts of protein were present in each lane despite equal loading of the
gel. Staining of the gel post-transfer with Coomassie Blue (section 2.6.6) showed no
protein remaining on the gel. Figure 3.1, panel B shows upon treatment of the western
membrane with phosphorylated elF2a specific antibody, phosphorylated elF2a was not
detected in the plant samples, but the 2.6 ng of bacterially expressed elF2a used as a

positive control was clearly visible. This suggested that there were issues with the quality
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or quantity of protein extracted from the glyphosate treated plants resulting in the

concentration of phosphorylated eIF2a on the membrane being too low to detect.
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Figure 3.1: Comparison of glyphosate treated and untreated A. thaliana and N. benthamiana protein samples harvested on two dates. (4) Ponceau S stained image of

total protein and (B) Chemiluminescent exposure of phosphorylated elF2a. proteins following detection using a phosphorylated elF2a-specific antibody. Size of proteins
(kDa) is indicated by the Bio-Rad Precision Plus All Blue Protein™ marker in lane 1. Lanes 2-9 contain total protein from plants treated and harvested as described

above each lane. Lane 10 contains 2.6 ug of bacterially expressed in vitro phosphorylated elF2o. protein.
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Since the total protein present in each lane of Figure 3.1, panel A was inconsistent, a
possible cause of the lack of detection of phosphorylated elF2a following treatment of
plants with 150 uM glyphosate was the protein extraction method and resulting quality of
total plant protein. It was also possible that the amount of protein present on the membrane
was too low to be detected by the phosphorylated elF2a specific primary antibody. To
confirm that the readings obtained via Qubit® Fluorometer were accurate and at least 8 pug
total protein was loaded into each lane of the gel, the total protein concentration from the

samples shown in Figure 3.1was measured by both Qubit® fluorometry and Bradford assay.

Comparison of Qubit and Bradford Methods of
Determining Protein Concentration
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Figure 3.2: Protein concentrations of the A. thaliana protein samples shown in Figure 3.1 as measured via
Qubit® and Bradford assays. The protein concentration of each sample was measured three times via Qubit®

and Bradford assay and the average of the three readings is shown.
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Figure 3.2 shows the Bradford method gave different protein readings to the Qubit®
Fluorometer with an approximate reduction of 350 pg/mL in all samples. The consistently
higher concentration of protein reported by the Qubit® Fluorometer may be due to the
sensitivity of the method to SDS and NaF (Invitrogen, 2010), both of which are present in
the extraction buffer used in protein extraction method A. This may have caused falsely
high protein concentration readings, and therefore a lower amount of actual protein to be
present per lane rather than the calculated 8ug total protein per lane required and previously
used by another researcher in the laboratory. However, the co-worker also used protein

extraction method A and measured protein concentration using Qubit® fluorometry.

This suggested that the inconsistent amount of protein in each lane was due to
quality, and not quantity of protein. In order to test this hypothesis, an alternative method of

protein extraction was trialled (Tang, 2006).

3.2.2. Protein extraction method B

As protein extraction method A resulted in protein of insufficient quality for
phosphorylated elF2a to be detected by the phosphorylated elF2a specific primary
antibody, an alternative method of protein extraction was trialled. The alternative method of
protein extraction is described in section 2.2.5.3, and provided a significant increase in both

quality and quantity of protein extracted (see Figure 3.3).
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Figure 3.3: Comparison of protein extraction methods A and B. Panel A illustrates the increased thickness and intensity of protein bands on a Ponceau S stained
membrane when protein is extracted using extraction method B (Lanes 2-5) than with protein extraction method A (Lanes 6-9). This is further illustrated by the increased
detection of bands containing phosphorylated elF2a at 37kDa on the exposure of the same membrane (Figure 3.3, panel B).The sample in the far right lane was protein
extracted from glyphosate treated A. thaliana and provided by the New Zealand Institute of Plant and Food Research. Lane 1 contains 15 ul of Bio-Rad Precision Plus

All Blue Protein™ marker, all other lanes contain Sug of total A. thaliana protein.
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As phosphorylated elF2a was clearly detected in the glyphosate treated 4. thaliana
protein extracted using extraction method B (Figure 3.3, lanes 6 and 7), and only weakly
detected in glyphosate treated A. thaliana protein extracted using protein extraction method
A (Figure 3.3 lanes 2 and 3), it can be concluded that the use of protein extraction method B
provides plant protein of sufficient quality and quantity as to allow the detection of
phosphorylated elF2a in glyphosate treated A. thaliana and N. benthamiana. In addition to
providing a higher quality of protein, extraction method B can be performed without the

use of liquid nitrogen, decreasing both risk of injury and cost of materials.

3.3. Optimisation of primary antibodies

In order to determine if a change in the overall ratio of phosphorylated to non-
phosphorylated elF2a occurs in planta upon infection with any of the viruses used in this
research, a method of identifying both forms of eIF2a must first be validated. Antibodies
are available for detection of either phosphorylated elF2a or all elF2a and therefore an
attempt was made to optimise their use for western blots. Western blot allows the detection
of specific proteins through antigen-antibody binding. As antibodies are expensive and the
use of too much or too little antibody can result in failure of the western, optimal
concentrations of primary and secondary antibody had to first be determined before further

experimentation could occur.
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3.3.1. Phosphorylated elF2a specific antibody

In order to determine the optimal concentration of the antibody specific to the
phosphorylated form of elF2a, phosphorylated bacterially expressed elF2a as well as three
different quantities of total protein extracted from glyphosate treated 4. thaliana were first
run out on an SDS-PAGE gel in triplicate and transferred to a membrane as described in
sections 2.6 and 2.6.1. The membrane was then cut into three equivalent portions, each
portion treated with unfiltered 3% BSA TBS-T, then with phosphorylated elF2a specific
primary antibody diluted to either 1:1000, 1:2000 or 1:3000, followed by the secondary
antibody, which was consistently diluted to 1:20000 according to manufacturer’s

instructions. All other methods were as described in section 2.6.2.

The A. thaliana total plant protein used in this experiment was kindly provided by
the New Zealand Institute of Plant and Food Research, and was prepared using unknown
extraction methods differing from those described in section 2.2.5.3. As such, it was not

subject to earlier issues regarding protein quality.
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Figure 3.4: The effect of phosphorylated elF2a specific primary antibody concentration on signal detection.
BEXx is a contraction of phosphorylated bacterially expressed A. thaliana elF2a. All A. thaliana samples were
from the same protein extraction of glyphosate treated A. thaliana to eliminate variation between samples.
Phosphorylated elF2a. is detected at 37 kDa in lanes 1 and 5, and at approximately 28 kDa in lanes 3 and 4.
All other bands are due to non-specific binding of the primary antibody. All lanes were exposed for the same

time.

As shown in Figure 3.4, a dilution of 1:1000 primary antibody is sufficient to detect
both bacterially expressed naturally phosphorylated elF2a as well as phosphorylated elF2a
from glyphosate treated 4. thaliana. Interestingly, the elF2a from glyphosate treated A.
thaliana is detected at just above 28 kDa, whereas the bacterially expressed and in vitro
phosphorylated elF2a is detected at the expected size of 37 kDa. The difference in size
between the expected band at 37 kDa and the band seen at 28 kDa was not seen again, and
may have been due to protein degradation due to repeated freeze-thaw cycles prior to the
experiment. In all subsequent work, extracted plant protein was aliquoted into several
portions directly after extraction to avoid any further freeze-thaw damage, and in all

subsequent western blots A. thaliana phosphorylated elF2a was seen at 37 kDa.
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At the lower primary antibody concentration of 1:2000, only bacterially expressed
phosphorylated elF2a is detected. This is likely due to the fact that in lanes containing
bacterially expressed elF2a, 10ug of pure in vitro phosphorylated elF2a is present, and in
lanes containing elF2a phosphorylated in planta, 10pg of total plant protein is loaded, only
a fraction of which is phosphorylated elF2a. Thus, there is much more of the target protein
present in lanes 1, 5 and 10. At the lowest primary antibody concentration of 1:3000,
nonspecific binding occurs and phosphorylated elF2a cannot be reliably detected.
Therefore, subsequent westerns used a 1:1000 dilution of phosphorylated elF2a specific

primary antibody.

3.3.2. Generic elF20 antibody

Detection of total e[F2a present in a sample would allow the determination of the
percentage of total e[F2a being phosphorylated, as well as allowing detection of any
increase or decrease in total elF2a occurring due to viral infection. The generic elF2a
antibody used for the following experiments apparently binds to all e[F2a, regardless of
phosphorylation status. In order to determine the optimal concentration of generic elF2a
primary antibody to use, the membrane shown in Figure 3.4 was stripped of all antibodies
(see section 2.6.5) and re-incubated using the generic elF2a primary antibody in
concentrations of 1:1000, 1:2000 and 1:3000. The secondary antibody was diluted to a

concentration of 1:10000 before application according to manufacturer’s directions.
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The resulting exposure (Figure 3.5) showed that the expected band seen earlier at
37kDa was visible in all lanes containing bacterially expressed elF2a (lanes 1, 5 and 9).
The 28kDa band seen previously in protein extracted from A4. thaliana when treated with
phosphorylated elF2a specific antibody was also detected when the generic elF2a antibody
was diluted 1:1000 (Figure 3.5, lanes 3 and 4) and 1:3000 (Figure 3.5, lanes 10 and 11) No
protein extracted from A. thaliana was observed at the antibody concentration of 1:2000

(lanes 6-8).
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Figure 3.5: Exposure of membranes containing bacterially expressed in vitro phosphorylated elF2a and
protein extracted from glyphosate treated A. thaliana. The membranes were incubated with varying dilutions
of generic elF2a primary antibody. BEx is a contraction of bacterially expressed elF2a. As in Figure 3.4, the

protein in lanes 2-4, 6-8 and 10-12 are from the extraction of a single sample of glyphosate treated A.
thaliana, and phosphorylated elF2o. is detected at 37 kDa in lanes 1, 5 and 9, and at 28 kDa in lanes2- 4 and
10-12. Other bands are also visible which do not correspond with any known sizes of elF2a, indicating

binding of an antibody to nonspecific proteins.
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As well as the bands visible at the expected size of 37 kDa, samples containing
bacterially expressed elF2a showed two additional bands at approximately 50kDa (Figure
3.5, lanes 1, 5 and 9), while the membrane treated with a 1:3000 dilution of primary
antibody, an additional band at approximately 70 kDa was also visible. These bands were
not expected, as the bacterially expressed elF2a had been purified, and when the membrane
had previously been treated with phosphorylated elF2a specific antibody, only one band at
37 kDa was visible. The only other known protein present in the lanes containing
bacterially expressed elF2a is bacterially expressed human PKR, which was added to
phosphorylated elF2a (see section 2.8). If the primary antibody bound to PKR, the band
would appear at 68 kDa in size. Therefore, the unexpected bands are considered to be non-

specific binding of the primary antibody to unknown proteins present on the membrane.

In order to confirm that the bands visible at 28 kDa and 37 kDa in Figure 3.5 were
elF2a, a second membrane which had previously been confirmed to contain phosphorylated
elF2a (Figure 3.3) was stripped of phosphorylated-specific elF2a antibody and re-
incubated with generic elF2a antibody. In an attempt to increase sensitivity, the secondary

antibody concentration was increased to 1:5000 from the previously used 1:10000.
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As Figure 3.6 illustrates, no bands were visible at 30-37 kDa. The bands at 50kDa
correspond to the protein band observable at this size on the Ponceau S-stained membrane
(Figure 3.3), and are most likely ribulose-1,5-biphosphate carboxylase oxygenase
(RuBisCo), a protein necessary for carbon fixation which is present in high concentrations
in plant tissue (Badger and Andrews, 1974). The bands at approximately 110 kDa are of an
unknown protein. All bands are therefore most likely due to non-specific binding of the

antibody. Thus elF2a was not detected on this membrane using the generic elF2a antibody.
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Figure 3.6: Exposure of membrane treated with the generic elF2o antibody. No elF2a is visible at 37 kDa,
despite the fact that this membrane has previously been shown to contain phosphorylated elF2o. in all
samples which were both extracted using Method A and treated with glyphosate. Phosphorylated elF2o. had
also previously been shown to be present in the supplied A. thaliana protein sample in lane 9. Lane M
contains 15 ul of Bio-Rad Precision Plus All Blue Protein™ marker, all other lanes contain Sug of A. thaliana

protein
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It is possible that the non-specific binding of the generic elF2a antibody interferes
with its ability to bind to elF2a when elF2a is present in low concentrations in the lane.
Therefore, it was thought that loading more total protein onto a gel may allow detection. To
do this, total plant protein extracted from A. thaliana was concentrated via precipitation
(see section 2.3) and 50 ug of plant protein was used in a western blot as described in
sections 2.6and 2.6.1, as previous studies by Gallie et al (1998) required at least 40 pg of
total plant protein to detect e[F2a. The concentration of primary antibody was also
increased to 1:500 to improve sensitivity, and the secondary antibody remained at 1:10000
to prevent background noise.
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Figure 3.7: A comparison of the effect of increase protein concentration on the detection of elF2o. in a
membrane containing high concentrations of A. thaliana protein. The membrane was treated with generic
(panel B) and phosphorylated specific (panel C) elF2a antibodies in order to determine if the generic elF 2o
antibody was detecting elF2a at the same size at the phosphorylated-specific elF 20 antibody. Lane M
contains 15 ul of Bio-Rad Precision Plus All Blue Protein™ marker. Lanes 1 and 3 contain 20 ug of protein
from glyphosate treated (Lane 1) and untreated (Lane 3) A. thaliana, and Lanes 2 and 4 contain 50ug of
precipitated protein from glyphosate treated (Lane 2) and untreated (Lane 4) A. thaliana. 4) Ponceau S stain
of a post-transfer membrane containing 20 and 50ug of protein from glyphosate treated and control A.
thaliana plants. B) Exposure of the membrane in 74 after treatment with generic elF 2o antibody. C) Exposure
of the membrane in panels A and B after the generic elF2a antibody was removed and the membrane treated

with the phosphorylated elF 2o specific antibody.
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Figure 3.7 shows that increasing the concentration of the generic elF2a primary
antibody to 1:500 did not allow detection of elF2a at the expected size regardless of how
much protein was loaded (Figure 3.7, panel B, lanes 1-4). A band of approximately 110 kDa
was observed in all glyphosate and non-treated samples, as well as an additional band in the

precipitated non-glyphosate treated protein at 28 kDa (Figure 3.7, panel B, lane 4).

It is possible that the eIF2a present in the plant tissue could have been bound to a
larger protein, and therefore is present in the higher weight proteins, or that the band at 20
kDa is degraded elF2a. However, upon stripping the generic elF2a antibody from the
membrane and re-incubating with the phosphorylated-specific antibody, bands were present
within at the expected molecular weight of 37 kDa (Figure 3.7; panel C, lanes 1 and 2). An
additional faint band was visible at approximately 110 kDa in the lane containing 50 pg of
protein from glyphosate treated A. thaliana (Figure 3.7, panel C, lane 2). The band at 100
kDa may be from elF2a that was, for an unknown reason, unable to pass through the gel, or
it may be residual generic elF2a primary antibody, or there may be a protein present in
small quantities which is conformationally similar to non-phosphorylated elF2a, and hence
susceptible to generic elF2a antibody binding. However, as elF2a is present at 37 kDa
when the membrane was treated with the phosphorylated elF2a specific antibody, it is clear
that elF2a is not detected by the generic elF2a primary antibody in the concentrated 4.

thaliana protein.
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The failure of the generic elF2a primary antibody to bind to elF2a, even at high
concentrations of both protein and antibody, combined with the non-specific binding to
unknown proteins in bacterially expressed 4. thaliana elF2a seen in Figure 3.5 strongly
suggests that the generic elF2a primary antibody binds preferably to unknown proteins, and
binds weakly or not at all to elF2a. Therefore, the generic elF2a antibody was deemed

unsuitable for detecting plant e[F2a via western blot.

3.4. Quantification of phosphorylated elF2a present in extracted A. thaliana
protein for use as a positive control
As the generic elF2a antibody proved to be unsuitable for plant elF2a, an

alternative method for quantifying the amount of phosphorylated elF2a present in plant
tissue upon virus infection had to be identified. A known quantity of eIF2a present on each
membrane would serve as both a reference for quantification of phosphorylated elF2a and
as a positive control for detection. As bacterially expressed 4. thaliana elF2a was in
limited supply, it was used as a standard to quantify the amount of phosphorylated elF2a
present in a protein extracted from glyphosate treated A. thaliana. The glyphosate treated A.

thaliana protein was then used on each membrane as a reference.

Page 84 of 161



Plant protein was extracted from a number of 4. thaliana plants and the extractions
pooled to provide a large volume of plant protein (see section 2.8.1). A western was
performed on bacterially expressed, in vitro phosphorylated elF2a which had been serially
diluted in 1:4 concentrations ranging from 25.6 to 1.6 ng/uL. Of each dilution, 20pL was
loaded into a lane of an SDS-PAGE gel. The other lanes in the gel contained 10, 7.5, 5, 2.5
and 1 pg of protein extracted from glyphosate treated A. thaliana. From a visual
comparison of the resulting exposures, it was determined that 10 ug of the protein extracted
from glyphosate treated 4. thaliana contained roughly 32 ng of phosphorylated elF2a (data

not shown).

To more accurately estimate the concentration of phosphorylated elF2a in the
protein extracted from glyphosate treated 4. thaliana, a second western was performed
using the same amounts of 4. thaliana protein and serial dilutions ranging from 152 to 0.6
ng of bacterially expressed, in vitro phosphorylated elF2a. Figure 3.8 shows the Ponceau S
stained membrane and western blot following incubation with the phosphorylated elF2a
specific antibody. Fading of the lane containing 10000 ng of 4. thaliana is due to an error
during the staining process caused by the vigorous addition of ddH2O used to wash the
superfluous Ponceau S stain off of the membrane. Upon detection of chemiluminescence it
is obvious that the amount of protein is consistently diluted throughout all lanes, and
overall there is no evidence of a lack of protein within the lane (Figure 3.8, panel B, lanes 1-

5).
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Figure 3.8: Ponceau S stain (A) and exposure of (B) a membrane comparing the amount of phosphorylated elF 2o present in protein extracted from glyphosate treated A.

thaliana (Lanes 1-5) to serially diluted bacterially expressed in vitro phosphorylated elF2a. (BEx, lanes 6-14). The lane containing 7500ng of A. thaliana protein was

inaccurately loaded, and is not a valid representation of 7500 ng of protein. Areas of red within band in panel B indicate overexposure of the membrane. Rubisco is

visible at 50 kDa, and elF2a at 37 kDa, as indicated by arrows on the left and right hand sides, respectively. Lane M contains 15ul of Bio-Rad Precision Plus All Blue

Protein™ marker.
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The intensity of chemiluminescence detected was determined as a percentage, with
0 being unexposed film and 100 the maximum chemiluminescence which could be detected
before the image was considered overexposed using Bio-Rad Image Lab™ under the
ChemiDoc® Hi-Sensitivity setting. The chemiluminescence produced by each band was
then analysed using GIMP image manipulation software. When the chemiluminescence
produced by a band is detected by the imager, the intensity of the chemiluminescence
produced is displayed by darkening that area of the image. When the resulting image is
analysed using the “cyan, yellow, magenta, key” (CYMK) model, the darkness of a pixel is
represented by a key value between 0 (white) and 100 (black). Each band was deliniated
using Bio-Rad Image Lab™, and the key value of each pixel in the band determined using
GIMP software. The sum of the key values of each pixel in the image of the band was then
divided by the number of pixels, giving the average key value of the band described as a
value between 0 and 100. This allows the quantification of the chemiluminescence
produced by each band on a scale of 1 to 100. Bands which contained areas which were
over-exposed (Figure 3.8, lanes 6 and 7) were not included in the following calculations as

degree of exposure in overexposed areas could not be reliably determined.
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Figure 3.9: Relationship between concentration of phosphorylated elF20. and chemiluminescence detected
per band as seen in Figure 3.8 (panel B, lanes 8-12). Each datapoint is the amount of phosphorylated elF2a
present in a lane (x axis) plotted against the corresponding degree of exposure caused by that band (y axis).

There is a strong linear relationship described by the equation y = 4.3695x — 14.5 between the amount of
phosphorylated elF2a present on the membrane and the amount of chemiluminescence produced between (-
20 ng elF2a and 0-70 percent exposure, however at concentrations of higher that 20 ng phosphorylated
elF2a the relationship between the chemiluminescence produced and the amount of elF2o. present changes

and the linear model deviates strongly from the observed results.
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Figure 3.9 illustrates the relationship between the amount of bacterially expressed in
vitro phosphorylated elF2a present in each band and the chemiluminescence (quantified as
a percentage as described above) produced by the sample. The data points corresponding to
4.746, 9.492 and 18.98 ng of phosphorylated elF2a are approximately linear, with the
equation y = 4.3695x - 14.5. In this equation, y is the percentage chemiluminescence and x
is the nanograms of elF2a present within the band. This is Equation 1, and was used to
calculate the amount of phosphorylated elF2a present on a membrane when the amount of
phosphorylated elF2a detected for that sample is between 4.5 and 19 ng. At concentrations
higher than 20 ng of phosphorylated elF2a, Equation 1 no longer accurately represents the
relationship between the amount of phosphorylated elF2a present and the amount of
chemiluminescence detected, as the amount of chemiluminescence produced by amounts of
phosphorylated elF2a greater than 20 ng, when treated with the phosphorylated elF2a
specific antibody, is less than would be expected if the relationship followed the linear

model.

Equation 1:

Percentage chemiluminescence detected = 4.3695[ng phosphorylated elF2a present in

band] — 14.5

When the amount of phosphorylated elF2a present on the membrane is higher than
20 ng, Equation 1 is no longer accurate. In order to describe the relationship between the
two factors accurately, when the amount of elF2a present in a lane is greater than 20 ng, a
logarithmic model is used. This provides the more accurate equation of y = 79.505x —

39.239 (see Figure 3.10). In this equation, x is the logio of the nanograms of elF2a present in
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the band, and y is the percentage chemiluminescence produced by the corresponding band.
By rearranging Equation 2, the amount of phosphorylated elF2a present in a band can be
calculated by quantifying the amount of chemiluminescence produced when the amount of
phosphorylated elF2a present in the lane is between 3.162 and 63.10 ng (Equation 2).
Using Equation 2 to estimate 0 and 100% chemiluminescence produced, concentrations of
elF2a below 3.162 ng will not be able to be detected, and concentrations above 63.10 ng
will cause over-exposure of the membrane. This matches the results obtained by western
blot as shown in Figure 3.8, where 75.94 ng of bacterially expressed in vitro phosphorylated
elF2a has caused over-exposure (Figure 3.8, panel B, lane 8) and 2.373 ng is undetectable

(Figure 3.8, panel B, lane 12).

Page 90 of 161



Percent Exposure caused by elF2a dilutions (logarithmic)
100.00
== Chemiluminescence produced by
elF2a
—_ / — Linear relationship
& 80.00 between log ng
§ phosphorylated
§ elF2a and exposure,
.g_:’ 60.00 with the equation
€ y =79.505x - 39.239
>
€
Q
S 40.00 ng log ng of
Fy phosphorylated phosphorylated
° elF2a elF2a
5 37.9688 1.5794
S 20.00
o 18.9844 1.2784
2 9.4922 0.9774
o
4.7461 0.6763
% 000 . ; . .
0.0000 /aéooo 1.0000 1.5000 2.0000 23730 0.3753
-20.00
log (ng elF2a present on membrane)

Figure 3.10: Relationship between concentration of phosphorylated elF 20 and amount of chemiluminescence detected in Figure 3.8, lanes 8-12. Each datapoint is log of
the ng of phosphorylated elF 20 present in a lane (x axis) plotted against the corresponding degree of exposure caused by that band (y axis). The relationship describes
an S curve, which only corresponds to a linear model (equation y = 79.505x - 39.239) at concentrations of phosphorylated elF2o. greater than 18.98 ng.
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Equation 2:

Percentage chemiluminescence detected = 79.505 x logio [ng of phosphorylated elF2a in

lane] — 39.23

To calculate the amount of phosphorylated elF2a present in the glyphosate sprayed
A. thaliana control, the lane containing Sug of total plant protein (Figure 3.8, panel B, lane
3) was used, as the amount of chemiluminescence detected was 24.3%. This fits within the
limits for Equation 1. As the linear model Equation 1 is a better fit than that of Equation 2,
a more accurate result will be gained where values are calculated using Equation 1, as long
as the amount of phosphorylated elF2a present on the membrane is within the accepted

range. Rearranging Equation 1 gives the following:

[Percentage exposure of film] + 14.5 = [ng phosphorylated elF2a] x 4.3695

Using this equation, 24.3% chemiluminescence gives an estimate of 8.825 ng of

phosphorylated elF2a present in the lane containing 5 pg of total plant protein. This

provides a elF2a concentration of 1.765 ng per ug of total glyphosate treated A. thaliana

protein, or 0.1765% of this plant protein standard.
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For additional accuracy, the amount of phosphorylated elF2a in lanes containing 2.5
and 10 pg of total plant protein was also calculated using Equations 1 and 2, respectively.
Using the rearranged Equation 1, to calculate the amount of elF2a present in the lane
containing 2.5 pg of plant protein, and the amount of chemiluminescence detected is 9.7%
(Figure 3.8, panel B, lane 4), it is estimated that phosphorylated elF2a content of the

glyphosate treated A. thaliana protein standard is 1.950 ng/uL, or 0.195%.

The amount of chemiluminescence detected can be used to calculate the amount of

phosphorylated elF2a in the lane containing 10 pg of glyphosate treated A. thaliana protein

(Figure 3.8, panel B, lane 1) by rearranging Equation 2 as follows:

— 10([percentage chemiluminescence detected + 39.239]/79.505)

[ng phosphorylated elF2a/]

The amount of chemiluminescence detected in the lane containing 10 pg of
glyphosate treated 4. thaliana plant protein was calculated as 81%. Using the rearranged
Equation 2, this gives an estimated phosphorylated elF2a content of 3.253 ng of
phosphorylated elF2a per pg of total protein, or 0.3253 %. Although the estimates
generated using Equation 2 are likely to have some inaccuracies based on the poor fit of the
linear equation to the observed results, the estimations of the amount of phosphorylated
elF2a present in each band match what was seen in Figure 3.8 where, visually, the intensity
of the band created by 10 pug of A. thaliana protein is similar to the intensity of exposure

caused by 37.97 ng of bacterially expressed elF2a.
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The estimated amounts of elF2a present in the glyphosate treated A. thaliana
positive control and their correlation with what can be observed in Figure 3.8 provide
confidence that that the method of calculating the amount of chemiluminescence produced
and the corresponding equations are appropriate. The amount of phosphorylated elF2a
present in protein extracted from A. thaliana can now be determined using the positive
control (i.e. the protein extracted from glyphosate treated A. thaliana) as a reference,
provided the unknown sample contains between 3.162 and 63.10 ng of phosphorylated

elF2a per lane.

3.5. Detection of phosphorylated elF2a in time-point sampled TVCV and TYMV
inoculated A. thaliana
In order to determine if elF2a is phosphorylated upon infection with TVCV or TYMV,
two experiments were carried out, each containing 48 wild-type and 48 IPK knockout 4.
thaliana plants. The 96 plants were inoculated with the target virus (see section 2.2.1), and
the same number of A. thaliana plants mock-inoculated as a control to give a total count of

144 plants per virus.

3.5.1. Inoculation and confirmation of infection of 4. thaliana with TVCV

To detect the phosphorylation of elF2a at any stage of the infection process,
samples of the inoculated leaves were taken immediately after inoculation and at 3 and 9
hours, 1, 2, 3, 5 and 7 days after inoculation. As the most recently developed leaf was
produced after virus inoculation, presence of the virus in the most recently developed leaf
indicated systemic infection of the host plant by the virus. At 28 dpi, samples were taken

from the most recently developed, fully expanded leaf for confirmation of virus infection
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via ELISA as described in section 2.2.4. Despite some issues with infection in nine of the
uninoculated control plants (discussed in 3.7.2), all of the TVCV inoculated A. thaliana
were infected (data not shown), even though all plants remained asymptomatic throughout
the experiment. This may be due to a lower virus titre caused by a difference in temperature
(Seo, 2001, Cowell, 2013) between the two experiments, as the initial experiment was

performed in early spring, and the later performed in midsummer.

3.5.2. Quantification of phosphorylated elF2a present in TVCYV infected A.
thaliana tissue

To detect any elF2a phosphorylation in plants infected with TVCYV, total plant
protein was extracted from each sample using protein extraction method B and quantified
using the Qubit® assay. A total of 8 pg of plant protein from each sample was loaded onto
an SDS-PAGE gel for electrophoresis, followed by western blot analysis as described in
sections 2.6, 2.6.1, 2.6.2 and 2.6.4. As shown in Figure 3.11, the expected 37 kDa band was
detected in lanes containing 1, 5 and 10 pg of positive control protein extracted from
glyphosate treated 4. thaliana (described in section 3.4), indicating there were no issues
with the experimental procedure. In contrast, phosphorylated elF2a could not be detected in
any of the TVCV infected samples at any stage following inoculation. Given that the plants
were demonstrated to be virus infected, this indicates that eIF2a is not phosphorylated in 4.

thaliana in response to infection by TVCV.

Page 95 of 161



Sapie At + TVCVAIPK Mock AIPK TVCVwt  Mock wt S At + TVCVAIPK Mock AIPK TVCVwt  Mock wt
numbgr 52 3 1 42 3 1 27 3” i 21503 numbgr ) =2 3_ JOS2NS 2 3 _1 2 3
“g‘l’;g;eefg 10051 (8. 8- 8 8 8.8 858,08 “97;‘;:;'2 10-5:1.8 8 8 8 8 8 8 88 8.8 8

37 - 37 Ne= .

kDa 0d.p.il kDa 2 d.p.i
comoe AL+ TVCVAIPK Mock AIPK TVCVwt  Mockwt | At + TVCVAIPK Mock AIPK TVCVwt  Mock wt
ithber TR0 B dc g S 1_43»73 1 2 3| number GRS B N 1 SR R K 1 B B Y
Mgpotein 100 5 1.8- 8 8 8 B 8 - BBuBwSE 8 8 Wipten ip 5 1.8 8 a8 0 6 8 8 88 8 8

37 W= 37 -

kDa 3h.pi| kDa 3 d.p.i
o At + TVCVAIPK Mock AIPK TVCVwt  Mock wt SHNE- At + TVCVAIPK Mock AIPK TVCVwt  Mock wt
Aumber 1 2°3 1.2 8 1.2 3 152 3| vombe 1d 3313 3. 1. 9.8 1. 93
woprotein 79 5 ] 8 8 8 8 8 8 8 8 8 8 0 8 gprotsin 35 5 1.8 8 8 8 0 8 8 8 8 8 8 8

37 - 37 W

kDa ot kDa 7 d.p.i
R At + TVCVAIPK Mock AIPK TVCVwt  Mock wt

number T 280 2 F T2 88
PopmueiiG 5.1 8 88 8 B B 8.8 8.8 0 B

37 www

kDa 1d.p.i

Figure 3.11: Western detection of phosphorylated elF2a in wild-type (wt) and deficient (AIPK) A. thaliana either inoculated with TVCV or buffer (mock). Leaf samples

were collected at 0 dpi, 3 and 9 hpi, and 1, 2, 3 and 7 dpi.
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Although the glyphosate treated 4. thaliana positive control samples are clearly
visible in all of the exposures in Figure 3.11, in many cases there is not a clear gradient
between the 5 and 10 pg amounts of total protein. This is likely due to the positioning of
the lanes on the membrane, as there appears to be some loss of sample in the lane closest to
the edge. In order to avoid this in future quantification, an empty lane was left between
lanes containing protein used in the quantification process and the edge of the membrane.
However, as there is no phosphorylated elF2a present within the samples tested, there was

nothing to quantify and so no phosphorylated elF2a was quantified from these westerns.

3.5.3. Inoculation and confirmation of infection of A. thaliana with the virus
TYMV

A similar experiment to that performed using TVCV was carried out using TYMV.
Western analysis was used to determine phosphorylation of eIF2a in response to
inoculation with TYMYV in wild-type and AIPK mutant A. thaliana. Samples were taken at
0,3,6and 9 hpi, 1, 3 5, 7 and 14 dpi; however, not all plants were sampled due to death of
some plants from virus infection before samples could be taken. At 28 dpi, the remaining
plants were inspected for signs of symptom development; all plants inoculated with TYMV
displayed strong symptoms, including stunting, chlorosis, vein clearing, thin and/or limp
inflorescences or plant death. None of the control plants showed any of these symptoms.
From this and previous work described in section 3.1, it was determined that
symptomology was sufficient to confirm TYMV infection. Consequently, TYMV was
confirmed to have a 100% infection rate, all control plants were uninfected, and no further

diagnostic tests were performed.
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3.5.4. Quantification of phosphorylated elF2a present in TYMYV infected A.
thaliana tissue

As with the TVCYV infected tissue, protein was extracted from all infected leaves
and run out on a western blot with proteins from the control glyphosate treated 4. thaliana,
then incubated with the phosphorylated e[F2a antibody as described in section 2.6.3. As is
shown in Figure 3.1.2, the positive control glyphosate treated A. thaliana protein was
clearly visible in all exposures, indicating no issues with experimental procedure. However,
no phosphorylation of elF2a is detected in protein extracted from plant tissue from wild-

type or IPK mutant 4. thaliana regardless of viral infection.
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Figure 3.12: Detection of elF2a phosphorylation in wild-type (wt) and AIPK mutant A. thaliana either inoculated with TYMV or buffer (mock) by western blot using a
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phosphorylated elF2a specific antibody. Leaf samples were collected at 0 dpi, 3, 6 and 9 hpi, and 3, 5 and 7 dpi.
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3.6. Summary of results

Few of the viruses tested were found to have a reliable rate of infection in 4. thaliana
under the experimental conditions available; however inoculation of A. thaliana with
TVCV and TYMV appeared to give reliable infection rates. A generic elF2a antibody was
proven to be unsuitable for use on plant tissue, and a phosphorylated elF2a antibody was
optimised for use in western blot on total protein extracted from A. thaliana. The
quantification of elF2a in glyphosate treated A. thaliana allowed the quantification of
phosphorylated elF2a in unknown sample, showing that at least 3.162 ng of phosphorylated
elF2a must be present in a lane to detect phosphorylated elF2a in a western blot. Western
analysis of 4. thaliana plants inoculated with either TVCV or TYMV and sampled over a
two week period showed that infection by these viruses does not cause detectable

phosphorylation of elF2a between 3h post-infection and 7 dpi.

3.7. Discussion of results
3.7.1. Quantification of phosphorylated elF2a in positive control A. thaliana
protein
Bacterially expressed in vitro phosphorylated elF2a was used as a reference to
quantify the amount of phosphorylated elF2a present in glyphosate treated A. thaliana
(section 3.4). Due to the limited amount of bacterially expressed phosphorylated elF2a, the
quantification experiment contained a limited amount of samples and was only repeated

once (data provided for only one duplicate).
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To better quantify the amount of phosphorylated elF2a present in the positive
control, it would have been preferable to repeatedly measure protein concentration in the
bacterially expressed eIF2a sample via Qubit® fluorometry in order to reduce any error
caused by inaccuracies inherent to the measuring process. In order to more accurately
quantify the amount of phosphorylated elF2a present in the glyphosate treated 4. thaliana,
it would have been preferable to have had sufficient bacterially expressed in vitro
phosphorylated elF2a to prepare further western membranes quantifying the amount of
phosphorylated elF2a present in the control glyphosate treated A. thaliana against
bacterially expressed in vitro phosphorylated elF2a. Repeated lanes containing the same
volume of glyphosate treated A. thaliana control and bacterially expressed in vitro
phosphorylated elF2a would allow the quantification of the range of error present in

detection of phosphorylated elF2a by western blot.

In addition to the margin of error caused by the low number of samples in westerns
containing bacterially expressed in vitro phosphorylated elF2a, the quantification of
bacterially expressed elF2a by Qubit® fluorometry assumed that the sample of bacterially
expressed elF2a contained no proteins other than elF2a, which was not the case. The elF2a
generic antibody detected multiple bands at around 50 kDa (Figure 3.5), which did not
correspond to the size of either elF2a (37 kDa) or PKR (68 kDa, (Meurs et al., 1990)),
indicating that eIF2a and PKR were not the only proteins present in the sample. Although
the generic elF2a antibody proved unsuitable for detection of plant eIF2a, in order for
unknown bands to be visible in lanes containing only bacterially expressed elF2a and PKR,
additional proteins must have been present in the bacterially expressed elF2a for the

antibodies to bind to. The amount and identity of the protein is unknown, and therefore the
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actual amount of elF2a present in the bacterially expressed phosphorylated elF2a will have
been lower than expected. This means that the control protein extracted from glyphosate
treated A. thaliana, and, subsequently, all samples where the phosphorylated elF2a content
was estimated using the control protein as a reference, may have contained less

phosphorylated elF2 than estimated.

If the above changes to the experimental procedure had been made and the amount
of phosphorylated elF2a present in both the bacterially expressed phosphorylated in vitro
elF2a and the glyphosate treated A. thaliana positive control, the outcome of this
experiment would have remained the same as no elF2a phosphorylation was detected upon
infection with either TVCV or TYMV. However, it would have allowed a more accurate
quantification of the changes in phosphorylated elF2a produced upon glyphosate treated,

VSR expressing, N. benthamiana, as described in section 5.8.1.

3.7.2. Detection of Tobamovirus infection in mock-inoculated A. thaliana

During the investigation into potential e[F2a phosphorylation upon infection of 4.
thaliana with TVCV (section 3.5.1), some mock-inoculated plants tested positive for
TVCV. As a broad-spectrum Tobamovirus antibody was used to detect TVCV infection, it
is possible that the mock inoculated A. thaliana which tested positive for TVCV were
infected with another member of the Tobamovirus genus. Because the antibody used in the
ELISA test is not species specific, if another Tobamovirus was present, some of the TVCV
inoculated plants may have been infected with the unknown virus as well. As the mock
inoculations were done before any handling of TVCV infected material, it is unlikely that

the Tobamovirus detected in mock-inoculated plants was due to cross infection with TVCV.
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A potential source of cross-contamination is TMV infected A. thaliana, which were
grown in the same room. TMV is highly contagious and easily transmitted by contact
between infected and healthy plants or via a fomite (Sacristan et al., 2011). Precautions
taken to avoid cross contamination were the use of sterilized blades used to trim
inflorescences and take samples, gloves were changed between working with one virus and
another, mock-inoculated plants were handled before virus-inoculated plants, and a
physical distance of 30 cm was kept between mock inoculated and virus inoculated plants.
No known insect vectors of TMV were visible, although Sciarid flies were present, thus
plants were treated with confidor insecticide at two weeks post inoculation. Despite these
precautions, cross-contamination still appeared to have occurred, and some samples
isolated from the mock control group were not able to be used in the final experiment. If
time allowed, it would have been preferable to repeat the experiment to be certain that the
TVCYV inoculated plants did not also contain an unknown and undetected Tobamovirus,
although the outcome of the experiment would not have altered as no phosphorylated of

elF2a was detected in any of the TVCYV inoculated plants.
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Chapter 4

Can VSRs aftect elF2a
kinases outside of viral
infection?

Methods and materials
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4.1. Plants
Wild-type N. benthamiana were grown in Daltons Premium Seed Mix® and
maintained at 22°C, 16 hours light and 8 hours dark for the duration of the experiment.
Seeds were initially sown in bulk, and the seedlings transferred into individual pots at two
weeks post germination. The N. benthamiana plants were then left to mature for 3-10 days

before infiltration, depending on the experiment.

4.2. Glyphosate treatment methods

Previous work by another researcher in the laboratory showed variation in the amount
of phosphorylated elF2a present in N. benthamiana treated with 150 uM glyphosate. In an
attempt to reduce this variation, a range of glyphosate application methods were trialled.
Two brands of glyphosate were used; RoundUp™ Concentrate and an unknown brand
provided by a colleague. Both brands were diluted to the required concentration in ddH>O
directly before use. Depending on the experiment, plants were either sprayed with 150 or
1500 uM glyphosate, infiltrated with 150 or 300 uM glyphosate, or the areas of the plant
above the soil immersed for one minute in 150, 300, 500, 1000 or 1500 uM glyphosate.
Immersion in glyphosate was achieved by holding the pot in one hand in such a manner that
fingers prevented the fall of soil, and then turning the pot and plant upside-down to allow

immersion of the plant without saturating the soil with glyphosate.
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4.3. Transformation of A. tumefaciens

4.3.1. Growth and maintenance of A. tumefaciens

The bacteria used for transformation and infiltration was electrocompetent
A.tumefaciens strain GV3101, and was provided by The New Zealand Institute for Plant
and Food Research. Cultures were in all cases grown either in LB broth or LB agar
containing 50 pg/mL rifampicin and 50 pg/mL gentamycin, as well as other selective
antibiotics where appropriate. Cultures were grown at 28°C and stored at 4°C for a
maximum of two weeks, or if liquid, mixed with an equal volume glycerol and frozen at

-80°C. Cultures which were not frozen were transferred onto fresh media weekly.

4.3.2. Plasmids

Table 4.1 details plasmid information. All stock plasmids were provided by Robin
MacDiarmid from Plant and Food Research, with the exception of plasmid p6p100, which
was kindly provided by Professor Thomas Hohn (The Friedrich Miescher Institute for

Biomedical Research, Basel, Switzerland
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Table 4.1: Plasmids used for transformation of A. tumefaciens and subsequent agroinfiltration of N. benthamiana. CMV: Cucumber mosaic virus, CaMV: Cauliflower
mosaic virus, PVY: Potato virus Y, TBSV: Tomato bushy stunt virus.

Plasmid Insert Backbone Selective Insert Size | Plasmid Reference Gene Reference
Name Antibiotic
2b241 2b gene from CMYV strain pGD Kanamycin 333bp (Goodin et al., 2002) | (Sulistyowati et al.
241 (Fny) 100 pg/mL 2004)
2b207 2b gene from CMYV strain pGD Kanamycin 333bp (Goodin et al., 2002) | (Sulistyowati et al.
207 (Fny) 100 pg/mL 2004)
P6p100 P6 gene from CaMV strain | pEarlyGatel00 | Kanamycin 1563bp (Gleave, 1992) (Gorden et al. 1988)
CM1841 100 pg/mL
HC- HC-Pro gene from PVY pGD Kanamycin 1380bp (Goodin et al., 2002) | (Glais et al., 1998)
ProPVY (unknown strain) 100 pg/mL
P19wt P19 gene from TBSV pART27 Spectinomycin 519bp (Gleave, 1992) (Hearne et al., 1990)
100 pg/mL
P19mut P19 mutant gene from pART27 Spectinomycin 519bp (Gleave, 1992) Provided by Robin
TBSV, point mutations at 71 100 pg/mL MacDiarmid,
and 72 bp unknown origin
IPKpHEX Human IPK pHEX Spectinomycin 1434bp (Hellens et al., 2005) | (Barber et al., 1994)
100
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4.3.2.1. Transformation of Escherichia coli

Plasmid DNA was diluted to between 2 and 20 pg/uL in ddH>O and electroporated
into competent E. coli cells in an Eppendorf Epoarator® set to 1710V. Cells were then
allowed to recover for one hour in 1 mL LB broth at 37°C under agitation. After recovery,
100 pL of culture was spread onto LB agar containing the appropriate selective antibiotic as
described in Table 4.1. The remaining culture was centrifuged at 13000 rcf, the supernatant
removed and the pellet resuspended in 100uL. LB broth. This was then plated onto LB agar
containing the appropriate antibiotic and grown for 24 hours at 37°C. Individual colonies
from either plate were then screened using colony PCR to confirm presence of vector and

insert as described in section 4.3.4 .

4.3.2.2. Plasmid extraction
Colonies which had been confirmed to contain the vector and insert from section
4.3.2.1 were used to inoculate 3 mL of LB broth containing the appropriate selective
antibiotic and grown overnight under agitation at 37°C. Plasmids from the cell culture were
then extracted using GenElute PureLink® Quick Plasmid Miniprep kit Sigma-Aldrich (St

Louis, MO, USA) according to manufacturer’s instructions.
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For each plasmid, 2 mL of LB broth with the appropriate antibiotic was inoculated
with transformed E. coli and grown overnight at 37°C under agitation. The culture was then
centrifuged at 12000 rcf for 2 minutes and the medium discarded. The E.coli cells were
then resuspended in the provided resuspension buffer. The cells were then lysed and the
cellular debris precipitated and removed via centrifugation. The plasmid DNA was then
bound to the provided spin column and washed with both wash buffers provided,
centrifuging at 12000 rcf in between each wash. Finally, plasmid DNA was eluted using
ddH>O0 instead of the provided elution buffer, as plasmids were later sequenced and the
salts present in the elution buffer can interfere with sequencing (Macrogen, 2008). The final
concentration of plasmid was measured using a Thermo-Fisher Nanodrop 1000

spectrophotometer at 260 nm

4.3.2.3. Confirmation of plasmid insert via Macrogen sequencing

In order to be certain that plasmids contain the correct insert, plasmids were sent for
sequencing by Macrogen Standard Seq™ (Geumcheon-gu, Seoul, Korea). In order to be
sequenced, plasmids were, where necessary, concentrated by centrifugation at 3000 rcf
under vacuum overnight, and made up to 100 ng/uL using ddH>O. Concentration of
plasmid was measured using a Thermo-Fisher Nanodrop 1000 spectrophotometer at 260
nm. The sequence primer used binds to the 35S promoter, with the sequence
5'-ACAGTGGTGCCCAAAGATGGAC-3" and annealing temperature of 57°C. This was

submitted for sequencing purposes with the plasmid at 10 pmol/uL.
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All sequence data was analysed using Geneious 1.6.1 (Biomatters, 2013). In order
to identify the insert sequence, the insert sequence was isolated from the promoter and
terminator sequence. As the forward sequencing primers bound to an area within the 35S
promoter sequence, it was necessary to remove the data belonging to the 35S promoter to
prevent BLASTn search results from returning results related to the 35S promoter and not
the insert. To do this, sequences were aligned with the 35S promoter sequence (Cooke and
Penon, 1990) using the Geneious pairwise alignment tool. The sequence identical to the
35S promoter sequence was then removed from the beginning of the sequence. Any area of
the sequence after the inserted gene identical to the terminator sequences from the octopine

synthase (OCS) and nopaline synthase (NOS) genes was also removed in this manner.

Sequences similar to that of the trimmed sequences were then searched in the

National Center for Biotechnology Information (NCBI), using the Geneious MegaBLAST

(Morgulis et al., 2008) nr nucleotide search function and default search parameters.
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4.3.2.4. Confirmation of plasmid insert via enzymatic digestion of
plasmid

To determine if the plasmid p6p100 contained the inserted gene p6, the plasmid was
digested using Invitrogen HindllI restriction enzyme. In a 1.5 mL tube, 15 U HindlIll, 2 pL
10x REact®3 buffer, 500 ng p6100 and sufficient sterile ddH>O to bring the total volume to
20 uL was mixed, then incubated at 37°C for one hour. The solution was then mixed with 2
uL loading dye (as described in section 2.2.5.3) and mixed. From this, 15 pL was loaded
into a 2% agarose 1 x TAE agarose gel (2% agarose, 40mM Tris-HCI [pH 8.4], ImM
EDTA, and 0.11% glacial acetic acid). One lane per gel contained 8-10 pg 1 Kb Plus DNA
Ladder (Life Technologies, Carlsbad, CA, USA). The gel was runin 1 x TAE at 100 V for

60 minutes, then immersed in 0.01% ethidium bromide in 1x TAE for 20 minutes.

After staining with ethidium bromide, the gel was examined under UV light using a
Bio-Rad GelDoc™ 1000 imager. Presence of a single band larger than 12000 bp indicates
an empty vector (pEarleyGate), and presence of two bands, one at approximately 2500 bp

and at sizes greater than 12000 bp indicates presence of both vector and insert.

4.3.3. Transformation of A. tumefaciens

In order to transform A4. tumefaciens with the required plasmid, 2-20 ng of plasmid
was added to 50 pL of electro-competent A. tumefaciens (provided by the New Zealand
Institute for Plant and Food Research) and the mixture briefly vortexed. The A. tumefaciens
was then placed into an Eppendorf Eporator® electroporation chamber and electroporated
at 1440 V with an Eppendorf Eporator®. The chamber was removed from the machine and

1 mL of LB broth was added and mixed by pipetting up and down. The solution was then
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incubated at 28°C for four hours, after which 100 pL was plated onto LB agar containing 50
png/mL rifampicin and 50 pg/mL gentamycin as well as the appropriate selective antibiotic
for the plasmid used. The remaining cell culture was centrifuged, the supernatant removed
and the pellet resuspended in 100 pl LB broth. This was also plated onto LB agar
containing the appropriate antibiotics and the agar plates incubated at 28°C for 48 hours.
Individual colonies from either plate were then screened using colony PCR to confirm

presence of vector and insert as described in section 4.3.4 .

4.3.4. Primer design

The primers p19 F and p19 R were kindly provided by the New Zealand Institute
for Plant and Food Research. The primers CMV241-2b F, CMV241-2b R, HC-Pro Olliverl
F, HC-Pro Olliver2, p6 F and p6 R (Table 4.3) were designed using Primer 3 (Untergasser et

al., 2012) from the sequences obtained in section 5.2.

4.3.5. Confirmation of successful transformation via colony PCR

Colony screening via PCR was undertaken by the addition of 0.2 ul of colony to 20
uL of PCR master mix, which consisted of 0.2 uM forward primer, 0.2 uM reverse primer,
0.25 uM dNTPs, 1x PCR buffer (10 mM Tris-HCI, 50 mM KCI [pH 6.8]), 2.5 mMMgCl,
and 1 U 7aq native DNA polymerase (Life Technologies, Carlsbad, CA, USA) in ddH>O.
When plasmid DNA was used as a positive control, Sng of plasmid DNA was added to the
mix instead of 0.2 uL of A. tumefaciens colony. The PCR products were then examined via
agarose gel electrophoresis as described in section 2.2.5.3. Presence of a band the same size
as the amplified area of vector and insert (see Table 4.2 for primer details) was used as

confirmation of successful transformation.
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Table 4.2: Primers used for confirmation of successful transformation of A. tumefaciens and E.coli via PCR, including sequence, primer target and amplicon size. All

primers anneal at 55°C.

Primer Sequence (5°-3") Target Expected product size
Plasmid Amplicon size
277F CGCACAATCCCACTATCCTT 35S promoter in pART27 116 bp
PART27, P19wt 635 bp
P19mut 635 bp
277 R AGGCGTCTGCGCATATCTCAT OCS terminator in pHEX 120 bp
pART27 IPKpHEX 1554 bp
p100 Approx. 100 bp
P6p100 Approx. 1650 bp
277F CGCACAATCCCACTATCCTT 35S promoter in PGD pGD Approx. 600 bp
2b241 Approx. 933 bp
NOS R TTATCCTAGTTTGCGCGCTA! NOS terminator in 2b207 Approx. 933 bp
pGD HC-ProPVY Approx 1980 bp

!(Hardegger et al., 1999)
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4.4. Infiltration of N. benthamiana

4.4.1. Preparation of A. tumefaciens

In order to introduce the largest number of actively growing and replicating
transformed bacterial cells to the N. benthamiana plants, the cultures of A. tumefaciens
were grown into larger volumes in a series of steps. First, colonies of transformed A.
tumefaciens on LB agar were replated onto LB agar containing 50 pg/mL rifampicin, 50
png/mL gentamycin and 100pug/mL of the selective antibiotic and were incubated at 28°C
overnight. Tubes containing 4 mL of LB broth to which the same antibiotic cocktail had
been added were then inoculated with the overnight culture and grown for a further 16
hours under agitation at 28°C. Fresh LB broth (10 mL) was then prepared using the
antibiotics as described above, to which acetosyringone was added to a final concentration
of 150 um. This was then inoculated with 50 uL of the overnight liquid culture and

incubated overnight under agitation at 28°C.

The cells were then collected by centrifugation at 4000 rcf for 15 minutes and
resuspended in infiltration bufter (10 mM MgCl,, 10 mM MES [pH 5.7, autoclaved], 500
UM acetosyringone) to an optical density of 1.00 when read using a spectrophotometer set
to 600 nm and blanked using uninoculated infiltration buffer. The culture was then left to

incubate for four hours at room temperature.
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4.4.2. Infiltration of N. benthamiana

The leaves of three to four week old N. benthamiana were infiltrated with A4.
tumefaciens which had been treated as described in section 4.4.1. This was done by filling a
1 mL syringe without needle with the desired culture and applying the nozzle of the syringe
to the underside of the leaf. Gentle counter pressure was applied to the other side of the leaf
with a fingertip. Pressure was then applied to the syringe in order to force the culture into
the air gaps inside the leaf until the entire leaf was fully infiltrated with the desired culture.
Only one leaf was infiltrated per plant, and the leaf chosen varied between experiments.
The plants were then left for four to five days to allow full expression of the gene of
interest. The plants were then treated with glyphosate in one of the ways described in
section 4.2, and allowed to rest for a further 24 hours before sampling. Two samples were
taken from each side of the midrib, in the centre of the infiltrated leaf, and were 1 cm? in
size. Samples were then placed into two separate 1.5 mL tubes, sealed, frozen in liquid

nitrogen and stored at -80°C until use.
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4.5. Confirmation of expression of gene of interest

Confirmation of expression of the gene introduced to N. benthamiana plants via
agroinfiltration was done by RT-PCR of RNA extracted from infiltrated tissue five days
post-infiltration. RNA was extracted from the infiltrated tissue as described in section
2.2.5.1, with the additional step of the addition of 10 uL. DNase I and 70 pL of Sigma
DNase II (Sigma Aldrich, St Louis, MO, USA) to the column after binding. The RNA was
then used as a template for cDNA synthesis (section 2.2.5.2), with the exception that the

primers used bound to the inserted gene specifically, as detailed in Table 4.3.

The cDNA was then examined via agarose gel electrophoresis as described in section

2.2.5.3. It was assumed that presence of a band of the correct size indicated the inserted

gene was being successfully transcribed into mRNA, and then expressed as a protein.

Page 116 of 161



Table 4.3: Primers used for confirmation of expression of the gene of interest in infiltrated N. benthamiana tissue, including sequence, primer target, annealing

temperature and amplicon size.

Primer Sequence (5°-3") Target Annealing Amplicon size
temp
P19 F ATTTCTCGAGCCATGGAACGAGCTATA P19 from TBSV 61°C 518 bp
PI9R CCCTTCTAGATTACTCGCTTTCTTTTTCGA
HC-ProGlias F CGAAGGGGTGATAGTGGAGT! HC-Pro from PVY 57°C 1.8 kb
HC-ProGlias R GTTTCTGCCGCTGACACTCG' (multiple strains)
HC-ProOlliverl F TGCCGGTTAGCGATCTGTTT HC-Pro insert in 63°C 235 bp
HC-ProOlliverl R ATGAATGGCAGGTGGCTCAA plasmid HC-ProPVY
CMV241-2b F CTCCACCTAGCCCATTTGCA 2b insert in plasmid 56°C 168 bp
CMV241-2b R ACGGGATCTACTCCGTGGAA 2b241
P6p100 F CTCTTCGCAACAAGGAGACC P6 gene from CaMV 64°C 173 bp
PopI00R GGCTTTACGGGCCTAATTTC

! (Glais et al., 2002)
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4.6. Protein extraction
Protein extraction was undertaken as described in section 2.2.5.3 using protein

extraction method B, and total protein extracted quantified using Qubit® fluorometry.

4.7. Quantification of phosphorylated elF2a in infiltrated N. benthamiana
Presence, absence and quantification of elF2a was undertaken as described in
sections 2.6, 2.6.1, 2.6.2 and 2.6.4, using the positive control developed as described in

section 3.5.2.
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Chapter 5

Can VSRs aftect elF2a
kinases outside of viral
infection?

Results
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To complete Aim 2 of this research, to determine if plant VSRs alter elF2a kinase
activity, N. benthamiana plants transiently expressing the VSRs 2b, HC-Pro, p6, p19 or
no VSR were treated with glyphosate and the amount of phosphorylated elF2a
produced measured via western blot. In order to do this, 4. tumefaciens was transformed
(section 4.3.3) using a number of binary vectors capable of expressing plant virus VSRs
within plant tissue (Table 4.1). The transformed A. tumefaciens was infiltrated into the
one leaf of each of six healthy N. benthamiana (section 4.4), where the VSR was
expressed by the plant cells. After four days to allow the transient expression of the
VSR, the leaves of three of the six plants were infiltrated with glyphosate (section 4.2)
and left for 24 hours to allow elF2a phosphorylation. To determine if the expression of a
VSR had an effect on the amount of phosphorylated elF2a present, the amount of
phosphorylated elF2a in the leaf tissue was determined via western blot (as described in

section 2.6).

5.1. Induction of eIF2a phosphorylation in N. benthamiana

Initial attempts to induce elF2a phosphorylation by the spraying of plants with 150
uM glyphosate caused a low and variable amount of elF2a phosphorylation (Figure 5.1).
Thus, although the application of 150 uM glyphosate via aerosol was a suitable method
for inducing elF2a phosphorylation in 4. thaliana, it proved unsuitable for use with N.
benthamiana. Neither increasing the concentration of glyphosate (Figure 5.1), nor
changing the method of application (Figure 5.2, see section 4.2 for method), significantly
improved the amount and reliability of eIF2a phosphorylation in plant tissue. Increasing
the concentration of glyphosate to 300 uM and applying the glyphosate by infiltration of

the leaf tissue did provide some minor improvement (Figures 5.1 and 5.2).
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Figure 5.1: Western blot detection of phosphorylated elF20. Each lane contains 10 ug of total protein
extracted from N. benthamiana leaves sprayed with varying concentrations of glyphosate. Three leaves,
each taken from a different plant 24 hours after glyphosate treatment, were tested. Increasing glyphosate
concentration does not appear to increase the amount or reliability of phosphorylated elF 2o present

within the leaf tissue.

elF20-P> D e = o .
lane: 1 2 3 4 5 6 7 8 9 10

Figure 5.2: Detection of phosphorylated elF2a in plant tissue by western blot. All lanes contain 10 ug of
protein. Lane [ contains positive control glyphosate sprayed A. thaliana. Lanes 2 — 10 show
phosphorylation in N. benthamiana infiltrated with 150 uM glyphosate (lanes 2 and 3); sprayed with 150
uM glyphosate (lanes 4-7) and immersed in 150 uM glyphosate for one minute (lanes 8-10). All samples
were collected 24 hours after treatment. Topical application of glyphosate produces weak and intermittent
phosphorylation of elF 20, whereas infiltration of glyphosate into the air gap within the leaf produces
weak but consistent phosphorylation of elF2a.

As elF2a is also phosphorylated during germination as part of the
developmental process (Le et al., 1998), it was suspected that the low and sporadic
concentration of phosphorylated elF2a in glyphosate treated N. benthamiana may be
due to the age of the leaf sampled. In order to determine whether or not this was the
case, three week old N. benthamiana seedlings of the same developmental state had
each leaf labelled in order of age, where “1” was the newest emerging leaf and “3” the
third oldest leaf. All plants had all leaves excluding the cotyledons fully infiltrated with
300 uM glyphosate. After 24 hours, each leaf was sampled, the protein extracted, and

the phosphorylated elF2a content examined via western blot with the phosphorylated

specific e[F2a antibody (section 2.6).
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As shown in Figure 5.3, the less developed the leaf, the higher the concentration
of phosphorylated elF2a present in glyphosate treated leaf tissue. As leaves aged, the
quantity of phosphorylated eIF2a present per gram of protein within the leaf tissue
decreased. Therefore, it was concluded that the older age of the leaves sampled was the
cause of the intermittent and low levels of elF2a phosphorylation in N. benthamiana
leaves treated with glyphosate. In all subsequent experiments the newest emerging leaf

large enough to be infiltrated (greater than 5Smm?) was used.

Plant : 1 2
Leaf: 1o 2o ate e s 3 1

elF2a-P» “ - . -

N W

Figure 5.3: Western blot detection of phosphorylated elF2o. present in protein extracted from the tissue of
emerging (leaf 1, unfolding (leaf 2) and expanded (leaf 3) leaves) from three individual plants, all of
which were treated with 300 uM glyphosate. Samples were collected 24 hours after treatment.

5.2. Confirmation of the presence of plasmid inserts via sequencing

In order to be confident that the VSR of interest would be expressed in N.
benthamiana tissue upon agroinfiltration, the integrity of the binary vector containing
the gene of interest had to be confirmed. To do this, the plasmids to be used for
transformation of A. tumefaciens were partially sequenced. Plasmids extracted from
transformed E. coli (described in section 4.3.2.2) were sent to Macrogen for sequencing

as described in section 4.3.2.3.
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The identity of the plasmid sequences is given in Table 5.1. The sequences from the
plasmids 2b241, HC-ProPVY, p19wt, p19mut and IPKpHEX all returned results
matching the gene of interest, and with exceptionally low E values in all cases,
indicating high confidence in the identity of the sequence. However, the sequenced area
of plasmids 2b207 and p6p100 did not contain sequences which matched the gene of
interest for each plasmid, and BLAST searches of the sequences against the CMV and
CaMYV genomes did not return any matches. This was likely due to errors during sample
preparation which damaged or contaminated the sample, preventing the sequence from
being correctly determined. In order to determine if the plasmids 2b207 and p6p100 did
contain the intended genes 2b and p6, further analysis of the plasmid insert was

required.
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Table 5.1 Megablast results of trimmed sequences from plasmids extracted from transformed E.coli.

Plasmid Insert Top Megablast match by E value Pairwise E value
identity
2b241 2b gene from CMYV strain 241 CMYV 2a protein and 2b protein mRNAs, complete cds 100% 1.78°154
(Fny)
2b207 2b gene from CMYV strain 207 Plant transit expression vector pSAT6-EGFP-Ca, 100% 1.13°%
(Fny) complete sequence
P6p100 P6 gene from CaMYV strain Site-specific excision vector pCRE3, complete sequence 99.6% 0
CM1841
HC-ProPVY HC-Pro gene from PVY PVY mRNA for polyprotein (pol gene), isolate SCRI-O 95.7% 0
P19wt P19 gene from TBSV TBSYV partial p19 gene for 19 kDa protein, isolate L8C, 99.2% 0
genomic RNA
P19mut P19 mutant gene from TBSV, TBSV mRNA for a 22kDa and a 19kDa protein 94.2% 0
point mutations at 71 and 72 bp
IPKpHEX IPK from Homo sapiens N. benthamiana P58IPK mRNA, complete cds 96.7% 0
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5.2.1. Detection of the inserted gene in the plasmid 2b207

In order to determine whether or not the lack of sequence identity in plasmid
2b207 with the gene 2b was due to an error during sequencing or absence of the gene
insert, a PCR was performed. The original aliquot of plasmid provided was used as a
template along with primers which bracketed the insertion site of the plasmid (Table 4.2).
As the binary vector pGD does not have a publically available sequence, the precise size
of the amplicon was unknown. However, the 2b gene in both plasmids 2b241
(confirmed sequence, section 5.2) and 2b207 (no sequence) should be the same size,
therefore the PCR was undertaken with 2b241 as a positive control, and empty pGD as

a negative control (section 4.3.4).

1000 bp -> e
850 bp -> & ]

650 bp -> w& ¢
P - e

500 bp -> %@
400 bp ->

M1 2 3 45

Figure 5.4: PCR amplification of plasmid DNA using the 277F and 277R primers. Lane M: 1 Kb Plus
DNA Ladder. Templates used were as follows: No template control (lane 1), empty pGD plasmid (lane 2),
stock 2b207 plasmid (lane 3), sequenced 2b241 plasmid (lane 4) and E. coli transformed with stock
2b207 (lane 5).
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As shown in Figure 5.4, the amplicon from of 2b207 was the same size as that
from an empty pGD plasmid. The PCR product from plasmid 2b241 under the same
conditions is approximately 350 bp larger than that amplified from the empty pGD. The
increase of approximately 350 bp corresponds to the size (333 bp) of the 2b gene.
Therefore, it was concluded that the plasmid 2b207 did not contain the gene 2b, and was

not suitable for further research

5.2.2. Detection of the gene p6 in the plasmid p6p100

In order to determine whether or not the gene p6 was present in the plasmid
p6p100, the plasmid was digested using HindlIII (see section 4.3.2.4) and the number of
restriction sites determined using Geneious (Biomatters, 2013). The sequence and size
of the vector pEarleyGate and the insert p6 are both publicly available, and both contain
a Hindlll restriction enzyme digest site. Therefore, when digested using HindlIII,
pEarleyGate was cut once and should produce a single band, whereas p6p100 should be
cut once in the plasmid and once in the insert, producing two bands. The distance
between the two restriction sites in p6p100 is 2386 bp. As Figure 5.5 shows, when
p6p100 was digested using HindIII (lane 2), two bands were formed; one band of 2.3 kb
in size, and one larger band which consists of the remaining uncut plasmid. This

provides evidence that the insert p6 is present in the plasmid p6p100.
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3000 bp ->
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Lane M 1 2

Figure 5.5: Digestion of the plasmid p6p100 with HindIIl. Tiwo bands are visible, one at 2300 bp (lane 1),
and one at greater than 12000 bp (lane 2). Lane M contain 1 Kb Plus DNA Ladder. Lane 1 contains an
H>O control containing only ddH,>O and HindIIl. Lane 2 contains 300 ng of digested p6p100.

5.3. Confirmation of successful transformation of bacteria

To ensure that E. coli or A. tumefaciens were successfully transformed with the
intended plasmid, colonies to be used for plasmid extraction or agroinfiltration were
screened for the presence of vector and insert by PCR amplification. In order to
determine the size and presence of the insert within the transformed colony, forward and
reverse primers which bracket the insertion site of the plasmid were used to amplify the
insert via PCR, which was then sized by agarose gel electrophoresis and compared to
the expected size of amplicon (section 4.3.4). Colonies transformed with an empty
plasmid produced a smaller band than those colonies which had been transformed with

a plasmid containing the insert.
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Figure 5.6 shows the PCR amplicons produced from
successfully transformed 4. tumefaciens containing the plasmids p19wt, p19mut,
p6p100, 2b241, IPKpHEX and HC-ProPVY (panels A to F, respectively). In all cases,
the size of the PCR product matched the expected size of the amplicon (Table 4.3),

confirming each A. tumefaciens colony contains the correct plasmid.

1000 bp >
850 bp >
650 bp >

1000 bp -> M
500 bp >
P r: 850 bp -> M

300 bp > *:
Lane:M 1 2 3 Lane: M 1 2 3

D) 2b241 E) IPKpHEX F) HC-ProPVY

Figure 5.6: PCR products resulting from the amplification of transformed A. tumefaciens colonies. Lane M
contain 1 Kb Plus DNA Ladder. Lane I contains no template. Lane 2 contains plasmid DNA amplified
with the primer pairs 277F and 227R (Panels A, B, C and E) or 277F and NOS R (Panels D and F).Lanes
3, 4 and 5 contain transformed A. tumefaciens colonies amplified using the primer pairs 277F and 227R
(Panels A, B, C and E) or 277F and NOS R (Panels D and F). Only the areas of each gel containing bands

are shown.
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5.4. Infiltration of N. benthamiana in order to determine if VSR expression

alters elF2a kinase ability

In order to achieve transient expression of a VSR within N. benthamiana tissue,
transformed A4. tumefaciens containing the genes 2b, p6, HC-Pro and p19 were cultured
to 1 OD, then infiltrated into the leaf tissue of six three-week old N. benthamiana plants
(see sections 4.4.1 and 4.4.2). To determine if the expression of human IPK in plant
tissue altered the ability of a VSR to interfere with elF2a phosphorylation, an equal
number of plants were co-infiltrated with both IPK and VSR encoding A4. tumefaciens.
The plants were then grown in the glasshouse for four days to allow full expression of
the gene(s) of interest (Johansen and Carrington, 2001) before infiltration of half of the
plants with 300 uM glyphosate. The remaining, and equal, number of 4. tumefaciens
infiltrated plants were not treated with glyphosate, as a control to determine whether or
not elF2a phosphorylation was triggered by the expression of the VSR. All plants were
then left for a further 24 hours before the infiltrated leaves were harvested and the

phosphorylated elF2a content determined by western blot.

5.5. Detection of VSR mRNA in N. benthamiana

In order to confirm that the VSR was expressed upon introduction of the binary
vector to N. benthamiana tissue, the RNA was extracted from several leaves infiltrated
with 4. tumefaciens, but not treated with glyphosate, as described in section 5.5.1. All
DNA was removed by DNases, and the RNA used as a template for RT-PCR

amplification using primers specific to the gene of interest (Table 4.3).
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5.5.1. Detection of VSR mRNA via RT-PCR

No anti-VSR antibodies were available in the laboratory, as so in order to have
confidence that the VSRs were being produced, VSR mRNA was detected via RT-PCR.
To do this, RNA was extracted from N. benthamiana leaves five days after infiltration.
As part of the RNA extraction process, the DNA within the sample was digested by
application of a DNase (see section 4.5). This destroyed all plasmid DNA present within
the leaf tissue, including the plasmid DNA, leaving only those sequences which were
successfully transcribed to RNA remaining in the sample. The RNA was then used as a

template for RT-PCR using the primers detailed in Table 4.3.

Each sample was amplified using both the NADS primer pair and the primer pair
specific to the infiltrated VSR. Amplification of the NADS gene served two purposes;
firstly as a positive control to confirm that the RNA was of good quality and the RT-
PCR was set up correctly, and secondly, that no genomic DNA was present in the
sample. The NADS primers border an intron in the NADS DNA, which is removed
during the production of mRNA. If both RNA and genomic DNA were present in the
sample, two bands would be visible in the RT-PCR. The presence of a single band at
180 bp in all lanes amplified with the NADS primer pair indicates that no genomic DNA

was present in the samples.
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Figure 5.7 shows the results of RT-PCR amplification of RNA extracted from N.
benthamiana infiltrated with wild-type or 2b241 transformed 4. tumefaciens. A single
band is visible at 180 bp in lanes containing RNA amplified with the NADS primer pair
(Figure 5.7, lanes 2 and (faintly) 3). No band is visible at 112 bp in lane 3, which
contains RNA extracted from wild-type 4. tumefaciens infiltrated N. benthamiana. In
contrast to this, a single band is visible at 122 bp in lane 5, which contains RNA
extracted from N. benthamiana which had been infiltrated with 2b241 transformed 4.
tumefaciens, and lane 6, which contains the product of amplification of the plasmid
2b241. The template in both lanes 5 and 6 were amplified using the primer pair
CMV241-2b. This shows that the primer pair CMV241-2b is specific to the 2b gene and
mRNA encoding the 2b gene is being produced in N. benthamiana leaf tissue infiltrated

with 2b241 transformed A. tumefaciens.

1000 bp >

650 bp >
500 bp >

300 bp >

200 bp ->
100 bp >

Lane: M

Figure 5.7: RT-PCR products amplified from RNA extracted from N. benthamiana tissue infiltrated with
wild-type or 2b241 transformed A. tumefaciens. Lane M contains 1 Kb Plus DNA Ladder. Lane 1
contains no template DNA. Lanes 2 and 3 contain RNA extracted from N. benthamiana infiltrated with
wild-type A. tumefaciens and amplified using the NADS5 and CMV241-2b primer pairs respectively. Lanes
4 and 5 contain RNA extracted from N. benthamiana imfiltrated with 2b241 and amplified using the
NADS and CMV241-2b primer pairs respectively. Lane 6 contains 2b241 plasmid DNA amplified using
the CMV241-2b primer pair.
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Figure 5.8 shows the products of RT-PCR amplification of RNA extracted from
N. benthamiana infiltrated with wild-type or p19wt transformed A. tumefaciens. As in
Figure 5.7, the presence of a 180 bp band in all lanes containing RNA amplified with
the NADS primer pair (Figure 5.8, lanes 4 and 6) indicates that the RNA is of good
quality and is not contaminated with DNA. The presence of a band at approximately
550 bp in lanes 2 and 3 is near the expected amplicon size of 540 bp and is not present
in lanes containing template RNA from wild-type A. tumefaciens infiltrated N.
benthamiana (Figure 5.8, lane 5). Because of this, it can be assumed that the band
indicates the presence of p19wt RNA in N. benthamiana infiltrated with p19wt

transformed A. tumefaciens.

1650 bp > B

1000 bp >
850 bp >
650 bp >
500 bp >

200 bp >
100 bp >

Lane: M

Figure 5.8: RT-PCR products amplified from RNA extracted from N. benthamiana fissue infiltrated with
wild-type or 2b241 transformed A. tumefaciens. Lane M contains 1 Kb Plus DNA Ladder. Lane 1
contains no template with the NADS5 primers. Lane 2 contains p19wt plasmid DNA amplified with the p19
primer pair. Lanes 3 and 4 contain RNA extracted from N. benthamiana agroinfiltrated with p19wt and
amplified using the p19 and NADS primer pairs respectively. Lane 6 contains the products of the
amplification using the NADS primer pair on RNA from N. benthamiana infiltrated with wild-type A.

tumefaciens.
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The detection of mRNA from N. benthamiana infiltrated with A. tumefaciens
containing the HC-Pro, p6 and IPK genes was not possible due to an inability to locate
primers which bound reliably and specifically to the VSR of interest. In all cases,
multiple primers were trialled and were found to be either non-specific, or did not
produce a product. Both of these issues were present in primers designed to amplify the
gene HC-Pro, as both generic potyvirus HC-Pro primers developed by Glias et al (2002)
and primers designed in this study against the sequence obtained in section 5.2 failed to

produce the desired product.

As Figure 5.9 and 5.6 show, the primers HC-ProGlias F and HC-ProGlias R did
not produce a band of the expected 1.8 kb size. A product of the expect size of 235 bp
was visible upon amplification of RNA extracted from N. benthamiana which had been
agroinfiltrated with HC-ProPVY using the primers HC-ProOlliverl F and HC-
ProOlliverl R (Figure 5.10). This band, as well as many others, was also visible in V.
benthamiana tissue infiltrated with wild-type A. tumefaciens, and was not indicative of
the presence of the HC-Pro gene. Increasing or decreasing the annealing temperature or
amount of MgCl, present in the amplification buffer from those described in 4.3.5 did
not improve binding of either primer pair (data not shown). As neither primer pair

bound reliably or specifically, neither was suitable for the detection of HC-Pro RNA.
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5000 bp >

2000 bp >

1000 bp >

Figure 5.9: PCR products resulting from the amplification of the plasmid HC-ProPVY (lane 2) and DNA
extracted from A. tumefaciens transformed with the plasmid HC-ProPVY (lane 3) using the primer pair
HC-ProGlias F and HC-ProGlias R. Lane M contains 1 Kb Plus DNA Ladder. Lane 1 contains no
template. No bands are visible in either lane at the expected size of 1.8 kb. No bands of the same size are

visible in either lane 2 or lane 3.

Figure 5.10: RT-PCR products amplified from RNA extracted from N. benthamiana tissue argoinfiltrated
with HC-ProPVY or wild-type A. tumefaciens. Lane M contains 1 Kb Plus DNA Ladder. Lane 1 contains
no template. Lanes 2 and 3 contain RNA extracted from wild-type A. tumefaciens infiltrated N.
benthamiana amplified using the NADS and HC-ProOlliverl primers respectively. Lanes 4 and 5 contain
RNA extracted from N. benthamiana agroinfiltrated with HC-ProPVY and amplified using the NADS5 and
HC-ProOlliver] primer pairs respectively. Lane 6 contains the PCR product of the HC-ProPVY plasmid
amplified with the HC-ProOlliverl primer pair.
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5.6. Detection of phosphorylated elF2a in VSR expressing N. benthamiana

As all plasmids had been confirmed to contain the gene of interest, and transcription
of the genes p19 and 2b had been confirmed in agroinfiltrated N. benthamiana tissue,
the next step in determining whether or not VSRs alter the ability of plant e[F2a kinases
to phosphorylate elF2a could be taken. Experiments were conducted to determine if a)
expression of a VSR in N. benthamiana alters the ability of the plant to phosphorylate
elF2a upon exposure to glyphosate, and b) if the expression of IPK influences the
ability of the VSR to alter e[F2a phosphorylation levels. To do this, VSRs, IPK and a
combination of both VSR and IPK were transiently expressed in three week old V.

benthamiana plants, some of which were then treated with 300 uM glyphosate.

For each plasmid, six plants had the newest leaf infiltrated with transformed A.
tumefaciens containing that plasmid. A further six plants for each plasmid were
infiltrated with both the VSR and IPKpHEX A. tumefaciens. As a control, six plants
were infiltrated with wild-type, untransformed 4. tumefaciens, and six with infiltration
buffer, to ensure that neither agroinfiltration or infiltration alone influenced the ability
of plant elF2a kinases to phosphorylate elF2a. At four days post-infiltration, three of
the six plants in each group were then infiltrated with 300 uM glyphosate. After 24
hours, all infiltrated leaves were harvested, the protein extracted using extraction
method B (see section 2.3) and the amount of phosphorylated elF2a present in the plant
tissue determined by western blot using a phosphorylated elF2a specific antibody (see

section 2.6). The resulting exposure is shown in Figure 5.11.
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Figure 5.11: Detection of phosphorylated elF2a in VSR and/or IPK expressing N. benthamiana tissue by western blot using a phosphorylated elF2a specific antibody. All positive
control lanes (At+) contain aliquots of the same positive control. Differences in the size and darkness of sample bands relative to the positive control is due to a difference in the
amount of phosphorylated elF2a present between the positive control and the sample. Detection of chemiluminescence was achieved using the BioRad ChemiDoc MP™ System and

ImageLab™ Software.
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In order to determine the amount of phosphorylated elF2a per pug of protein in each
group, the amount of chemiluminescence produced by each lane was determined as a key
value as described in section 3.4. The amount of phosphorylated elF2a for each group was
determined using Equation 1 (section 3.4), as the amount of chemiluminescence detected
falls within, or close to the range for which this equation is most accurate. It was necessary
to first convert the amount of chemiluminescence detected to the amount of elF2a present
in the lane, as the relationship between the amount of phosphorylated elF2a in the lane and

the degree of exposure is not a 1:1 relationship.

In order to reduce the impact of any variation between individual samples within a
group, each group’s data was averaged (i.e, the phosphorylated elF2a content in ng/ug of
phosphorylated protein present in lanes containing 10 and 5 pg glyphosate treated 4.
thaliana positive control (sections 2.8.2 and 3.4), the phosphorylated eIF2a content of all
lanes containing the VSR, or the phosphorylated elF2a content of all lanes containing the
VSR + IPK, was averaged. Although this may have helped reduce any error, it also causes
the results to be skewed by any outliers. It would have been preferable to repeat the

experiment and include further data.
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The amount of phosphorylated elF2a present per pg of plant protein in each sample
group was compared to the amount of phosphorylated elF2a present in the positive control
as detected by the amount of chemiluminescence emitted. The standard curve in section 3.4
shows that the amount of chemiluminescence in 1pug of positive control 4. thaliana protein
is equivalent to 3.253 ng phosphorylated eIF2a; 1/307™ of the protein in the 4. thaliana
control is phosphorylated elF2a. Thus, the average amount of phosphorylated elF2a
present in each group could be determined by comparison to the positive control. For
example, if the average phosphorylated elF2a content of the positive control was calculated
to be 2 ng/pug of phosphorylated elF2a in each lane and sample X gave an average of 1
ng/ug of phosphorylated elF2a present in each lane, we know that sample X contains half
as much phosphorylated elF2a as the positive control. As we know that the positive control
actually contains 3.253 ng/ug of phosphorylated elF2a to total protein, it can be determined
that sample X contains 1.627 ng of phosphorylated elF2a per pug of sample. In this manner

the amount of phosphorylated elF2a present in each group was calculated.
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Figure 5.12: A comparison of the average amount of phosphorylated elF2o. present per ug of total plant
protein in glyphosate treated N. benthamiana expressing a VSR or a VSR+IPK. Error bars show the standard

error of each sample group.
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Table 5.2: The amount of phosphorylated elF2a. present in protein extracted from glyphosate treated N.
benthamiana tissue expressing a variety of VSRs and/or IPK. Quantification of elF 20 was done by

comparison to a control sample with a known concentration of phosphorylated elF2a.

Phosphorylated elF2A
per ng total plant

Infiltrated with protein

(ng/ng)
Infiltration buffer (mock) 2.685
Wild-type 4. tumefaciens 1.619
Wild-type A. tumefaciens, IPKpHEX A. tumefaciens 1.088
2b241 A. tumefaciens 2.044
2b241 A. tumefaciens, IPKpHEX A. tumefaciens 1.661
p6p100 A4. tumefaciens 2.474
p6p100 A. tumefaciens, IPKpHEX A. tumefaciens 1.376
HC-ProPVY A. tumefaciens 1.104
HC-ProPVY A. tumefaciens, IPKpHEX A. tumefaciens 1.610
pl9wt A. tumefaciens 4.561
pl9wt A. tumefaciens, IPKpHEX A. tumefaciens 4.172
IPKpHEX A. tumefaciens 2.540
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Leaf tissue assumed to be expressing the VSRs 2b, p6 and HC-Pro did not appear to
have any significant difference in phosphorylated elF2a content when compared to the
positive control. Although less phosphorylated elF2a is detected in glyphosate treated
tissue infiltrated with wild-type A. tumefaciens alone or A. tumefaciens carrying the
plasmids 2b241, p6p100 and HC-ProPVY than is detected in tissue infiltrated only with
buffer or A. tumefaciens expressing IPK, the difference is not pronounced and may be due
to natural variation within plants. In contrast to this, the protein extracted from glyphosate
treated leaf tissue expressing p19 or both p19 and IPK contained almost twice as much
phosphorylated elF2a (4.561 ng/pg, 4.172 ng/ug) as leaf tissue infiltrated with wild-type 4.
tumefaciens (1.619 ng/pg) or IPK encoding A. tumefaciens (2.540 ng/ug). This was well
beyond any variation encountered between the samples from tissue not expressing p19. No
phosphorylated elF2a was detected in leaf tissue expressing p19 which was not treated with
glyphosate, indicating that p19 enhances the effect of glyphosate on plant tissue, but does

not trigger elF2a phosphorylation itself.

5.7. Summary of results

The plasmids provided were sequenced to confirm the presence of the intended gene
and all plasmid were found to contain the correct sequence except the plasmids 2b207 and
p6p100, which returned sequences which were not similar to the genes 2b or p6. Plasmid
2b207 was analysed by PCR and found to not contain the gene 2b, in contrast the plasmid

p6p100, which was digested with the enzyme HindlIll and found to contain the gene p6.

Page 141 of 161



Transformed A. tumefaciens with the plasmids 2b241, p19wt, HC-Pro, p6p100 and
IPKpHEX was confirmed by colony PCR using primers which bracketed the insertion site
of each plasmid. Transformed and wild-type A. tumefaciens were infiltrated into M.
benthamiana leaves. RNA was extracted from leaves infiltrated with 2b241 and p19wt
containing A. tumefaciens, and mRNA encoding the VSRs 2b and p19 detected by RT-PCR.
Infiltrated N. benthamiana leaves were harvested and the total plant protein extracted. This
protein was analysed by western blot using the phosphorylated elF2a antibody and the
amount of phosphorylated elF2a was compared between plants treated and untreated with
glyphosate. No elF2a phosphorylation was detecting in VSR or IPK expressing plants
which were not treated with glyphosate, and the expression of a VSR or IPK did not appear
to inhibit eIF2a phosphorylation. In contrast to the expected outcome, increased levels of
elF2a phosphorylation were detected in glyphosate treated N. benthamiana which were

expressing the VSR p19.
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5.8. Discussion of results
5.8.1. Variation in the amount of phosphorylated elF2a detected in

agroinfiltrated N. benthamiana

As is visible in Figure 5.11, there is considerable variation in the amount of
phosphorylated elF2a present in glyphosate treated N. benthamiana, regardless of VSR
expression. Although the average phosphorylated elF2a content of three plants was taken
for each sample, there is enough variation within the results that only the significant
increase in phosphorylated e[F2a seen upon glyphosate treatment of p19 expressing N.
benthamiana is obvious, and less apparent changes in the amount of phosphorylated elF2a
produced upon glyphosate treatment may have been overlooked. It would have been
preferable to repeat the experiment with a greater number of plants in each group, as well
as further defining the amount of phosphorylated elF2a present in the positive control as
described in section 3.7.1. These changes would have allowed the more accurate
measurement of the amount of phosphorylated elF2a present in plant samples, allowing the
detection of smaller increases or decreases in the amount of phosphorylated elF2a present
in agroinfiltrated N. benthamiana which may not have been noticed due to the natural

variability in phosphorylated elF2a content in glyphosate treated plants.
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5.8.2. Expression of VSRs and IPK in agroinfiltrated N. benthamiana

Although 2b and p19 mRNAs were detected in agroinfiltrated N. benthamiana, the
proteins 2b and p19 were not directly detected. Although the production of mRNA indicates
that the gene is being transcribed, it does not prove that the gene is being translated into a
protein. In order to be certain that the introduced gene is being translated into protein,
immunological testing is required. Due to time and budget limitations, antibodies for each
of the VSRs expressed in N. benthamiana in chapters 4 and 5 were not available to detect
the presence of an introduced VSR in N. benthamiana tissue by western blot. Consequently,
it is uncertain if the target VSRs were produced in agroinfiltrated N. benthamiana tissue.
However, given the significant increase in the concentration of phosphorylated elF2a seen
in N. benthamiana tissue expressing p19 mRNA, it is likely that the VSR p19 was being
produced, and that it influences the amount of phosphorylated elF2a being produced in

glyphosate treated N. benthamiana.

5.8.3. Increased phosphorylation of eIF2a upon glyphosate treatment of p19
expressing N. benthamiana

No previous studies on the ability of p19 to trigger or enhance elF2a
phosphorylation appear to exist, and studies regarding the effects p19 may have other than
RNA silencing are sparse. As it is possible for both the protein and the RNA of a gene to
have an affect on the host systems, investigation into how expression of the gene p19 in N.
benthamiana increases elF2a phosphorylation upon glyphosate treatment would first need
to determine if it is the protein or the RNA that is causing the change in elF2a

phosphorylation levels. In TBSV, the genes p22 and p19 are encoded by overlapping ORFs
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on the same subgenomic RNA molecule (Scholthof et al., 1995) and if the increase in elF2a
phosphorylation upon glyphosate treatment is due to a property of the RNA, it is likely this

would also be observable in plants expressing the gene p22.

TBSV RNA has previously been shown to bind to a large number of host proteins,
including the delta subunit of elF2f. In yeasts, many other proteins involved in translation
have also been shown to bind to TBSV RNA (Li et al., 2009), including RNA binding
proteins which are required for maturation of tRNA precursors (Yoo and Wolin, 1994), the
protein DPS1, an enzyme which participates in aminoacyl-tRNA biosynthesis (Gangloff
and Dirheimer, 1973), and the protein ARC1, which associates with tRNA and aminoacyl-
tRNA synthetases and may be required for efficient aminoacylation in vivo (Simos et al.,
1996). Disruption of any of these proteins could result in an accumulation of uncharged
tRNAs, which would trigger the e[F2a kinase GCN2 and cause an increase elF2a

phosphorylation.

However, no phosphorylated elF2a was detected in p19 expressing N. benthamiana

which were not treated with glyphosate, indicating that under normal conditions the effect

of p19 is not sufficient to trigger elF2a phosphorylation.
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The VSR p19 functions by binding to small dsRNA, protecting it from enzymes
involved in the RNAi pathway. Therefore, it was expected that the presence of the p19
protein would inhibit elF2a phosphorylation. As noted in section 1.2.1.2, any disruption of
the RNAi pathway can have implications that act beyond the inhibition of the antiviral
defence aspect of RNAi. As RNAI is a necessary part of the developmental system, and
elF2a is phosphorylated as part of the developmental process, it is possible that the
disruption to the RNAi pathway caused by the expression of p19 could increase the amount

and ease of phosphorylation of elF2a.

Further work on the effect of p19 expression in plant tissue on elF2a
phosphorylation is required to determine if the increased level of elF2a phosphorylation in
N. benthamiana upon glyphosate treatment is caused by the p19 RNA or the p19 protein
itself, the method by which it occurs, and if other stresses on p19 expressing N.

benthamiana result in increased elF2a phosphorylation.
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Chapter 6

General discussion
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6.1. Viruses and VSRs used in this research

The overall aim of this research was to determine if VSRs encoded by plant viruses
are also capable of suppression of e[F2a kinases, as has been seen in some animal viruses.
In this study, two different methods were used to examine the effects that VSRs have on the
phosphorylation of elF2a; firstly, whether or not infection of 4. thaliana with the viruses
TYMYV and TVCYV triggers elF2a phosphorylation, and secondly, if the expression of a
VSR in N. benthamiana inhibits elF2a phosphorylation. Previous studies investigating the
properties of viral genes have compared the infection of a plant by the virus with binary
vector-mediated expression of the gene in a separate experiment (Wang et al., 2012, Duan
et al., 2012, Kasschau et al., 2003, Elmer et al., 1988). This allows confirmation that it is
the gene of interest is/is not responsible for any results seen in virus-infected plants, and not
other genes encoded by the virus. In addition to this, vector-mediated expression of a gene
allows for the gene of interest to be reliably expressed in higher quantities than may be seen
in viral infection alone, amplifying any effect on the host system and in some cases
exaggerating subtle changes in the host plant, allowing otherwise subtle changes to be more

easily detected.

Unfortunately, in this study where both the virus and VSR were available, CaMV/p6
and CMV/2b, the infection rate of the virus was so low as to be impossible to reliably infect
sufficient plants for any experiments. Although A. thaliana is a known host of both CaMV
(Leisner et al., 1993) and CMV (Takahashi et al., 1994), the infection rate and severity
varies with both the strain of virus and host plant (Takahashi et al., 1994, Takahashi, 2008,

Tang and Leisner, 1997).
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Although twelve different isolates of CMV collected from environmental samples and
provided by the Ministry of Primary Industries were investigated for the ability to infect 4.
thaliana, the strains of the isolates were not known, and no isolate was able to consistently
cause infection. Therefore, the study did not include a comparison of the effects of virus
infection and vector-mediated expression of the corresponding VSR. However, the broad
range viruses and VSRs used in these experiments allowed a comparison of the
mechanisms of action used by VSRs and the potential effects they had on the host plant.
Specifically, it was of interest that the VSR p19, which functions by binding to siRNAs (Ye
et al., 2003, Vargason et al., 2003, Silhavy et al., 2002b) caused an increase in the amount
of phosphorylated elF2a produced upon glyphosate treatment. In contrast to this, other
small-dsRNA binding VSRs such as the 2b and coat proteins of CMV and TVCYV, did not
cause any detectable change in the amount of phosphorylated elF2a produced upon virus
infection. This suggests it is not the ability of p19 to act as a suppressor of RNA silencing
by binding to dsSRNA which caused the increased levels of elF2a phosphorylation upon

glyphosate treatment.

6.2. Lack of phosphorylation of eIF2a upon infection or wounding of A. thaliana or
N. benthamiana
Previous literature has shown that upon virus infection of [PK-deficient mice cells,
a significant increase in elF2a phosphorylation levels occurs (Kash et al., 2006). A similar
finding, that TVCV infection of IPK-deficient N. benthamiana and A. thaliana results in
elF2a phosphorylation occurring to such an extent as to cause plant death, has also been
found. This suggests that both animal and plant cells require IPK to regulate elF2a

phosphorylation, and in cells with non-functional IPK, increased levels of elF2a
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phosphorylation occur upon virus infection. However, no increase in el[F2a phosphorylation
was seen in IPK deficient 4. thaliana upon infection with either TVCV or TYMYV, and the
expression of human IPK did not appear to have any effect on the phosphorylation of elF2a
in V. benthamiana leaves. This is in direct contrast with the results of Bilgin et at (2003),
who reported plant death by 18-20 dpi upon infection of IPK deficient A. thaliana with
TVCV. This research found that at 28 dpi, TVCV infected IPK deficient 4. thaliana and

wild-type 4. thaliana appeared equally healthy, with no evidence of e[F2a phosphorylation.

The cause of this difference in results between those seen by Bilgin et al (2003) and
those seen in this research is so far unknown, but may be due to the difference between A.
thaliana ecotypes and TVCYV strains used in experiments. As the symptomology and
presumably response of the host plant vary depending on the strain of virus and cultivar of
host (Takahashi, 2008, Takahashi et al., 1994), it could be that the strain of TVCV used in
this research did not contain the trigger necessary for the phosphorylation of elF2a, or that
A. thaliana ecotype Col-0 contains an additional protein which is capable of substituting for
IPK when IPK is inactivated. In order to determine if the lack of eIF2a phosphorylation in
A. thaliana upon infection with TVCV is due to the ecotype, an experiment comparing the
amount of phosphorylated elF2a present in plant tissue upon TVCYV infection of the A.
thaliana ecotype used by Bilgin et al (2003), Ws-0, and the ecotype used in this research,
Col-0, could be undertaken. Unfortunately, ecotype Ws-0 4. thaliana were not available for

this research.

Page 150 of 161



In addition to the lack of phosphorylated elF2a present in TVCV infected IPK-
deficient 4. thaliana, phosphorylation of eIF2a was also not detected in plants after
inoculation with mock or virus containing inoculum. As the inoculation process damages
the leaf in order to allow the virus to enter the leaf tissue, and in 4. thaliana GCN2 has
been reported to phosphorylate eIF2a upon wounding, it was expected that elF2a
phosphorylation would be visible at 4-12 hours post-inoculation (Lageix et al., 2008).
However, no phosphorylated elF2a was visible in either wild-type or IPK deficient A.
thaliana at any time point. This was not due to a failure to detect phosphorylated elF2a by
western blot; as the positive controls were clearly visible in all cases, indicating that the
transfer of sample proteins to the membrane and subsequent detection of any

phosphorylated elF2a present was successful.

The lack of detection of phosphorylated elF2a upon either wounding or TVCV
infection may be indicative of issues with the extraction and preparation of plant protein.
The addition of a control group of plants that were glyphosate treated 24 hours before
sampling would have allowed a greater degree of confidence that any phosphorylated elF2a
present in the plant tissue was being detected. However, given the consistency with which
no phosphorylated elF2a was detected, and the fact that other researchers present in the lab
also failed to detect elF2a phosphorylation in IPK deficient 4. thaliana or IPK knockout N.
benthamiana upon TVCYV infection, it is likely that e[F2a was not phosphorylated upon

virus infection.
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6.3. Do virus-encoded suppressors of RNA silencing reduce plant eIF2a kinase
activity and thereby increase susceptibility to infection?

As no phosphorylation of elF2a was detected in wild-type or IPK deficient 4.
thaliana upon viral infection, this suggests that the plant viruses TVCV and TYMV do not
utilise the host encoded inhibitor of elF2a kinases, IPK, to reduce elF2a phosphorylation
upon virus infection. In addition to this, no reduction in phosphorylated elF2a was detected
upon glyphosate treatment of N. benthamiana expressing the VSRs 2b, p6, p19 and HC-
Pro. This suggests that the expression of these VSRs in plant tissue does not significantly
reduce the ability of the eIF2a kinase GCN2 to phosphorylate eI[F2a. However, as the
expression of p6 and HC-Pro in N. benthamiana was not confirmed by PCR or Western
blot, it is possible that HC-Pro and p6 were not expressed in the leaf tissue sampled. In
order to be certain that the expression of HC-Pro and p6 do not reduce the ability of N.
benthamiana to phosphorylate elF2a in response to glyphosate treatment, further work is

needed to confirm that the proteins HC-Pro and p6 were in fact expressed.

In conclusion, no evidence was found to suggest that the plant viruses or VSRs used
in this experiment are capable of reducing plant e[F2a kinase activity in 4. thaliana or N.
benthamiana. Further research involving a greater range of A. thaliana ecotypes, viruses

and VSRs is necessary to determine if this is representative of virus infection in A. thaliana.
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