Manipulation of the Nicotiana
benthamiana immune response to
Agrobacterium tumefaciens to improve

Plant Molecular Farming

DOMI | MINA
NVS TIO
ILLV | MEA

Isobel Lucy Dodds

Hertford College

Department of Biology,

University of Oxford

Thesis submitted to the University of Oxford

for the degree of Doctor of Philosophy

Hilary Term, 2023






Abstract

Nicotiana benthamiana is used as an expression platform for recombinant protein
production using Agrobacterium tumefaciens-mediated transient expression. This method
has successfully produced multiple recombinant proteins. However, the use of A.
tumefaciens for transient expression poses a problem because it elicits an immune response
from N. benthamiana which hampers molecular farming yields. In this research we
aimed to improve understanding of the interaction between N. benthamiana and A.
tumefaciens and how this interaction can be manipulated to improve molecular farming.
This was achieved rstly by studying how apoplastic alkalinization is detrimental to
A. tumefaciens. Apoplastic alkalinization was achieved by manipulating the activity of
the H*-ATPase named Autoinhibited H*-ATPase isoform 2 (AHA2). AHA2 activity
was manipulated by over-expression of the RAPID ALKALINIZATION FACTOR-1
peptide (RALF1) and expression of the AHA2-S899A mutant. Both strategies resulted
in alkalinization of the apoplast. We found that apoplastic alkalinization triggered
upregulation of pathogenesis-related proteins, mediated by salicylic acid signalling. We
demonstrated that these alkalinization-induced plant defence responses were detrimental
to A. tumefaciens and reduced accumulation of recombinant proteins. Next, we developed
a high-throughput ‘Tra c Light Screen’ to evaluate new strategies to improve molecular
farming and uncover how plant immunity a ects A. tumefaciens. Using this screen, we
investigated the impact of co-expressing 130 RXLR e ectors on transient expression and A.
tumefaciens. We identi ed six e ectors which, when co-expressed, increased uorescence
of secreted RFP. Two of these six e ectors also increased accumulation of a recombinantly

expressed 1gG antibody, VRCO01. However, when co-expressed in an industrial scale
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agroin Itration, the most promising e ector did not increase nal yields of VRCO01
produced. We then used the “Tra c Light Screen’ to assess the impacts of inhibiting plant
defence responses through depletion of genes involved in plant immunity. This identi ed
that silencing of genes ICS (encoding isochorismate synthase), NONEXPRESSOR OF
PATHOGENESIS-RELATED GENES 1 and CHITIN ELICITOR RECEPTOR KINASE
1 improved transient expression. These three genes are promising candidates to pursue
further. We also revealed that the receptor NbCORE is essential for perception of
the MAMP derived from bacterial cold shock protein (CSP), called csp22, in older N.
benthamiana plants and that depletion of NbCORE enables the use of older plants with
greater biomass for transient expression. This research demonstrates that manipulating
the interaction between N. benthamiana and A. tumefaciens is an e ective strategy to
improve molecular farming. We also demonstrate the need to study this interaction further
to identify plant defence responses that hamper molecular farming in order to nd new

strategies to increase recombinant protein yields.
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Chapter 1

Introduction

Molecular farming is the use of plants to produce recombinant proteins. This method
of protein production emerged with the rst use of transgenic tobacco to produce a
functional antibody (Hiatt et al., 1989). Since then, the industry has progressed into
a genuine competitor amongst the typical bacterial and mammalian systems used for
recombinant protein production. High pro le success stories of molecular farming include
the FDA-approved human -glucocerebrosidase, developed by Protalix Biotherapeutics
(Mor, 2015) and production of ZMapp, a cocktail of three anti-Ebola antibodies, which
was used as treatment during the 2014 West African Ebola outbreak ila et al., 2015).
However, the huge number ofNicotiana benthamiana plants required for production of a
single patient's dose combined with closing of the trial at the end of the outbreak and before
completion led to a Chinese Hamster Ovary-produced antibody cocktail overtaking the
plant-produced alternative as the treatment of choice for Ebola infections Gchillberg and
Finnern, 2021). The case of Zmapp production demonstrates the need for more research
into how molecular farming can be improved in order to make it a viable competitor in the
recombinant proteins market.

One of the most commonly used methods in molecular farming is to use
Agrobacterium-based transient expression of recombinant proteins inN. benthamiana
However, entry of Agrobacterium into plants triggers an immune response. This plant
immune response may reduce the production of recombinant proteinsGoulet et al., 2010;

Grosse-Holz et al, 2018a). Therefore, in this work, | sought to gain better understanding

3



4 CHAPTER 1. Introduction

of the interaction between Agrobacterium tumefaciens and N. benthamiana and use this
knowledge to reduce the impact of plant immunity on molecular farming.

The underlying question throughout my work is "Does the N. benthamiana immune
response hamper Molecular Farming?' Specically, | aim to understand if we can
manipulate the N. benthamiana immune response to improve molecular farming yields
by investigating e ects of pH on Agrobacterium, how co-expression with pathogen-derived
e ectors impacts recombinant protein accumulation, and which N. benthamiana immunity
genes can be silenced to improve molecular farming yields. This introduction will outline
the emergence of plant molecular farming as a viable method for recombinant protein
accumulation, the issues preventing success of the industry, the molecular biology of
Agrobacterium infection and transient expression, plant immune responses and the current

knowledge of the plant-Agrobacterium interaction.

1.1 Production of recombinant proteins by molecular

farming

1.1.1 Recombinant protein expression systems

Expression of recombinant proteins is used across a variety of organisms for basic research,
biotechnology and production of therapeutics Assenberg et al.2013). The most commonly
used expression systems ark. coli, insect cells using the Baculovirus Expression Vector
System (BEVS) and mammalian cells @Assenberg et al. 2013). These systems have
been used over the last 40 years to produce a wide range of proteins for uses from
medicines to food technology and new polymers. Each of these expression systems have
their strengths and weaknesses that necessitate their use over another for particular
requirements, such as the speci ¢ protein being made and the quantity neededBurnett
and Burnett, 2020). Challenges including expensive media components and risk of human
pathogen contamination of mammalian cells, in addition to undesired post-translational
modi cations (PTM) in insect systems and prokaryotic limitations of size and PTM of
recombinant proteins opened space in the market for the development of plant-derived

recombinant proteins (Burnett and Burnett , 2020).
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1.1.2 Emergence of Molecular Farming

Plants were rst used to produce recombinant proteins for therapeutic use when transgenic
tobacco was used as an expression system for antibodiediétt et al., 1989). Since then,
plant-based expression has been tested in many di erent plant species and using multiple
expression strategies and has become known collectively as Molecular Farmingdgrmode
and Jiang, 2018; Twyman et al.,, 2003). Early success was achieved with a wide range
of whole plants. For example, avidin was expressed in transgenic maizeHpod et al,
1997), a herpes antibody in transgenic soybean (Zeitlin 1998), a diagnostic antibody in
transgenic alfalfa (Khoudi et al., 1999), a rabies vaccine in transgenic tomato NicGarvey

et al., 1995) and many other recombinant proteins in transgenic tobaccolN. benthamiana
lettuce and other leafy plants (Twyman et al., 2003). Furthermore, transgenic cereal crops
such as wheat and rice were developed for the production of recombinant proteins in
seeds. Expression in seeds provides advantageous biochemical conditions for stable protein
accumulation and the recombinant proteins produced remain active for multiple years
(Twyman et al., 2003; Stager et al., 2000). Fruit and vegetable crops such as potato and
bananas have been used as potential candidates to produce edible vaccines for use in the
developing world (Mason et al, 2002). To decrease the time needed to generate transgenic
lines, many plant cell and tissue culture systems were developed such as tobacco hairy
roots, BY-2 cell cultures and cell lines of carrot and maize Kakkinen et al., 2014). As
well as many plant species being investigated for molecular farming, various expression
strategies were also tested. These included transient expression, transgenic plants and
transplastomic plants. Over the last twenty years, research and production has focused on
a few systems including transgenic tobacco and cereals; expression in mosses and plant cell

suspensions and transient expression iN. benthamiana (Kermode and Jiang, 2018).

Transient Expression of Recombinant Proteins

This research has focused on transient expression iN. benthamiana Transient expression
for molecular farming is achieved by three methods, which all use a plant host for

the expression and accumulation of recombinant proteins by a bacterial or viral vector
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(Kermode and Jiang, 2018). In the rst method, agroin Itration is used to in Itrate
Agrobacterium into leaves. This allows Agrobacterium to transfer T-DNA into host cells,
where it is expressed as the recombinant protein of interest for up to a few week&gérmode
and Jiang, 2018). The second method is to infect plants with recombinant viruses as the
vector for transient expression. These viruses carry genes of interest in their genome
where insertion will not adversely a ect virus replication. ( French et al., 1986; Ibrahim

et al., 2019). Lastly, Agrobacterium-delivered replicon-based vectors can be used.i
and Timko, 2022). Instead of directly injecting recombinant viruses, as is done with
the second method described, the viral genome is split into multiple modules and are
encoded byA. tumefaciens T-DNA. The viral modules are then delivered into plant cells
as T-DNA. The T-DNA modules assemble into a viral replicon which can replicate and
move from cell-to-cell within the leaf. Within this replicon, the coat protein encoding
genes are replaced by the gene of interest (GOI) encoding the recombinant protein. This
leads to systemic infection of the cells in agroin ltrated leaves with viral replicons encoding
the GOI and consequently systemic expression of the recombinant protein across the leaf

(Peyret and Lomonosso , 2015;lbrahim et al., 2019).

1.1.3 Successful products of molecular farming

Many di erent proteins have been produced by molecular farming. Strict regulation of
proteins for clinical use have resulted in only a few cases of plant-produced therapeutics
making it to market, but many plant-derived proteins have become commercial products for
non-clinical uses Schillberg et al, 2019). The enzyme known as taliglucerase alfa, produced
in carrot cells by Protalix Biotherapeutics is one of very few plant-derived pharmaceuticals
that has made it through clinical trials and is approved by the U.S. Food and Drug
Administration (FDA) to treat Gaucher's disease ( Schillberg et al, 2019). Many other
pharmaceuticals have been produced in plants but have not yet made it through clinical
trials. These therapeutics include vaccines against West Nile virus and Dengue fever, both
produced in N. benthamiana and reported to induce immunity in mice (Lai et al., 2018;
Ponndorf et al., 2021).

More success has been achieved in commercialising non-clinical proteins. These include
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proteins used for cosmetics such as human epidermal growth factor produced in barley and
used by Icelandic company Sif Cosmetics chillberg et al, 2019; Schouest et al, 2012).
Another common purpose of plant-derived proteins is diagnostics. Companies such as Leaf
Expression Systems list diagnostic proteins such as antigens as a commercial product, and
maize-produced avidin is distributed by Sigma-Aldrich for the detection of biotin-avidin
binding (Hood et al, 1997). Proteins produced by molecular farming also have roles in
emerging industries such as alternative proteins and cell cultured meats. Alternative
proteins produced in plants are in the process of commercialization by companies such
as Moolec, which is producing milk proteins in plants. Cell-cultured meat also provides
an opportunity for molecular farming. Components used in production, other than the
cell-line itself, need to be derived from non-animal sources. Companies such as Leaf
Expression Systems and Core Biogenesis use molecular farming to produce growth factors
and cytokines for the cell-cultured meat industry.

Despite a multitude of opportunities for molecular farming there are still issues with
plants not meeting the yields produced by conventional methods such as CHO cells,
bacterial cultures and insect cells Gchillberg et al, 2019). Research into strategies to
increase yields can bring molecular farming into a position to compete with other expression

systems to meet requirements for protein expression.

Use of N. benthamiana for molecular farming

Prominent molecular farming company Medicago Inc. is amongst many companies
and researchers that useN. benthamiana as their host plant for transient expression.
It has been studied extensively as a model plant Bally et al.,, 2018). Molecular
farming therefore benets from extensive investigations published on topics from its
immune responses to cell biology and from recent funding through collaborations such
as Newcotiana (https://newcotiana.org) and Pharma Factory (https://pharmafactory.org)
(Jutras et al., 2020; Bally et al., 2018). A large amount of genomic information onN.
benthamianais available for use, including a chromosome-level assembly Bf. benthamiana
(Molina-Hidalgo et al., 2021).

The leaves of N. benthamiana are agroin ltrated easily, allowing agroin Itration of
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large volumes of leaf tissue Jutras et al., 2020). N. benthamiana is then able to express
transgenes and gene-silencing signals within three daysBélly et al., 2018). Use ofN.
benthamiana therefore allows for rapid, large-scale expression of recombinant protein.
Furthermore, N. benthamianais not used as a food source and therefore its use for research
and molecular farming does not endanger production chains and market value of vital food
crops.

Extensive research ofN. benthamiana has revealed another reasorN. benthamiana
produces high yields of recombinant proteins. In the strain used for research and molecular
farming (LAB), there is a 72 base-pair insertion into the RNA-dependent RNA polymerase
gene,Rdrl. This renders the LAB strain hypersusceptible to viral infection and allows high
accumulation of transgene transcripts Jutras et al., 2020;Bally et al., 2018), making it an

ideal plant for molecular farming.

1.1.4 N. benthamiana modi cations for molecular farming

Various strategies have been reported for engineeringN. benthamiana to improve the
quality and quantity of recombinant protein produced by molecular farming including
humanization of protein glycans. One of the most prevalent classes of protein produced
is antibodies. A signi cant area of advance has been made in the glycans of recombinant
glycoproteins, which are reported to make up 60% of all approved biopharmaecuticals
(Planinc et al., 2016). Plant glycans include the core (1,2)-xylose and (1,3)-fucose
residues which are not present in endogenous human glycans. To ensure that plant-derived
glycoproteins, including antibodies, can be used without being recognised as non-human,
transgenic plants have been generated in which the endogenous glycosyltransferases have
been knocked out and replaced with their human counterparts. This results in production
of antibodies with humanised N-glycans and have been used to produce functional human
erythropoietin fusion protein (Castilho et al., 2013). Additionally, introduction of the
mammalian biosynthetic pathway for sialylation of the Fc domain of human antibody
2G12 yielded an antibody that could be e ciently neutralised ( Castilho et al., 2010). These
steps have resulted in transgenidN. benthamiana lines that are better for production of

humanized glycoproteins by molecular farming.
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Other strategies involving N. benthamiana modi cations to improve molecular farming
have been explored, including development of aicotiana hybrid with greater biomass
(Bally et al., 2018;Shamloul et al, 2014), developing plant cell culture and enabling tyrosine

o-sulfation of plant produced vaccines Singh et al, 2020, 2021).

1.2 Issues facing Molecular Farming

The main problems limiting the success of molecular farming are high costs of downstream
processing, issues acquiring regulatory approval for therapeutics, low biological activity of
recombinant proteins produced and lower productivity of plants compared to conventional
expression systems.

Therapeutics produced in CHO cells andE. coli are secreted into the media and easily
puri ed without cell contaminants. In contrast, whole plants must be homogenised before
protein extraction, resulting in contamination of the recombinant protein with host proteins
and insoluble bres (Schillberg and Finnern, 2021). This means that extra steps including
homogenisation, Itration and precipitation increase costs and complexities of downstream
processing.

Mammalian and bacterial expression systems for biopharmaceuticals have a long history
of regulatory approval. Molecular farming on the other hand struggles to nd regulation
due in part because it has not provided a better method than CHO andE.coli cell lines
with respect to yields and function (Buyel, 2019). In addition, good manufacturing
processes (GMP) have to be established for whole plant molecular farming because
existing requirements for the contained, aseptic environments used for cell culture do not
apply when soil is used Fischer et al., 2012). Serious problems have been met recently
for regulation because molecular farming companies received nancial backing from Big
Tobacco companies. For example, American molecular farming company KBio are owned
by British American Tobacco and Philip Morris International owned equity in Medicago
Inc. However, the link between Medicago Inc. and Philip Moris International led to
the WHO rejecting the application for approval of their Covid-19 vaccine (Dyer, 2022).

In order to gain WHO approval for plant-derived biotherapeutics, the molecular farming
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industry will need to sever ties with the tobacco industry.

Despite protein expression levels in plants increasing dramatically over the last decade
to a maximum of approximately 2 g kg ! of plant tissue, Chinese hamster ovary cells are
still capable of producing more than double this yield Buyel, 2019;Zischewski et al, 2016).

A major factor causing low yields is the degradation of recombinant proteins by plant
proteases in the secretory pathway and apoplast. Various strategies to avoid this unwanted
proteolysis (Jutras et al., 2020) have been developed including subcellular targeting and
co-expression of protease inhibitors, fusion proteins/peptides and native chaperone.i(i
and Timko, 2022). Proteolysis can in some cases be avoided by mutating the cleavage sites

of antibodies to prevent degradation (Puchol Tarazona et al, 2021).

A second factor implicated in low protein yields is the plant defence response induced
upon agroin Itration, indicated by an upregulation in secretion of defence proteins (Goulet
et al., 2010) and a decrease in transcripts of photosynthesis proteinggrosse-Holz et al,
2018a). Better understanding of the interaction between plant defence and Agrobacterium
during transient expression and preventing yield reducing elements of the defence response

can improve recombinant protein accumulation.

Understanding the steps of infection and the plant responses to agroin ltration
allows a better assessment of how manipulation of the apoplastic environment may aid
Agrobacterium-mediated expression. One strategy to avoid the detrimental impact that
the defence response to agroin ltration has on molecular farming is to withdraw A.
tumefaciens completely by using transgenic plants. Molecular farming using transgenics
is very successful for large scale production but the generation of transgenic lines takes
a long time and is unsuitable for rapid response and manufacture. A second strategy is
to reduce N. benthamiana immune responses using a variety of techniques such as e ector
co-expression, immunity gene silencing and inhibition of pH signalling during plant defence.

This is the strategy explored in this thesis.
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1.3 Molecular mechanisms of Agrobacterium infection

1.3.1 From tumourigenic pathogen to disarmed strain for research and

biotechnology.

Molecular farming relies on the natural bacterial phytopathogen Agrobacterium
tumefaciens to produce recombinant proteins in plants in both academic and
biotechnological settings. Its unique ability to transfer DNA material into plant host cells
has been extensively studied and has revolutionised plant biology.

A. tumefaciens exists in many genetically distinct strains that vary in their ability
to infect plants. Natural isolates of A. tumefaciens use hormone regulation to cause
tumour formation on the plant, resulting in Crown Gall disease (Drummond, 1979). The
tumours are induced by a distinct Agrobacterium plasmid called a “tumour inducing' (Ti)
plasmid, of which a fragment can be transferred into host plant cells through the Type IV
Secretion System (T4SS) (Figure 1.1) acroix and Citovsky, 2019). This fragment is called
transfer-DNA (T-DNA) and contains two groups of genes necessary for tumourigenesis.
The rst group encodes enzymes for phytohormone regulation and includedaaH and
laaM for auxin biosynthesis andIpt for cytokinin biosynthesis (Zhu et al,, 2000; Zhang
et al., 2015). The second group encodes enzymes for opine production, providing a source
of carbon and nitrogen (Zhu et al., 2000). This allows A. tumefaciens to produce plant
hormones to induce tumour growth and to produce opines as a nitrogen source.

Strains of A. tumefaciens used for transient expression have had the T-DNA fragment
removed from their Ti-plasmids and therefore no longer cause tumourigenesisifvang et al,
2017). Three strains commonly used in biotechnology aré. tumefaciens AGL1, GV3101
and EHA105. These three strains are all derived from the tumourigenicA. tumefaciens
C58 strain (Hwang et al, 2017). In these strains, the TiC58 plasmid has been removedA.
tumefaciens AGL1, GV3101 and EHA105 no longer harbour the nopaline region of TiC58,
resulting in disarmed A. tumefaciens strains (Hwang et al, 2017;Kim et al., 2009).

TiC58 previously encoded the T-DNA and vir genes required for transformation. In
strains including A. tumefaciens GV3101 pMP90, TiC58 has been replaced by a small
Ti plasmid encoding the T-DNA and a helper plasmid (pMP90) which harbours the vir
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genes. This binary vector system minimises the genes needed on the Ti plasmid, allowing
for easier manipulation of this plasmid usingE. coli as host Hoekema et al, 1983; Hood
et al., 1993). Engineering ofA. tumefaciens strains has yielded a valuable tool for genetic
manipulation: bacteria that no longer cause tumour formation but are still able to transfer

T-DNA into plant cells.

1.3.2 Agrobacterium infection

In natural infections, A. tumefaciens must move through the soil, towards and into the
apoplast between plant root cells using agella and attach to plant cells. In agroin Itration,
we push the bacteria directly into the apoplast in leaves and cell attachment is not required
for virulence (Tomlinson and Fuqua, 2009). A summary of the major steps of theA.

tumefaciens infection pathway are summarised in Figure 1.1.

Induction of virulence by three plant-derived signals

In order for successful infection, A. tumefaciens virulence must rst be induced. This
occurs by detection of three plant derived signals, using at least three two-component
systems (Figure 1.1) Guo et al., 2019). The most notable of these two-component systems
is the VirA/VirG system, which is involved in the sensing and signalling of all three signals
(Guo et al, 2019). VirA is the sensor kinase and VirG is the response kinase in this
master-regulator two-component system (Figure 1.1) Thompson et al, 2020). The virA
and virG operons are the onlyvir genes being constitutively expressed by. tumefaciens
and mutations in either cause loss of virulence Nlester, 2014).

The rst of these signals are phenolic compounds including acetosyringoneStachel
et al., 1985; Brencic et al., 2004). Phenolic compounds are detected by one of the linker
domains of the dimeric VirA protein, causing activation of the kinase domain of the other
subunit which subsequently phosphorylates VirG, which causes activation ofvir gene
transcription (Figure 1.1) (Chang and Winans, 1992;Turk et al., 1994; Toyoda-Yamamoto
et al., 2000; Lee et al, 1995; Roitsch et al., 1990; Subramoni et al, 2014).

The next plant derived signals that induce virulence are sugars and monosaccharides

from the plant cell wall. ChvE is a periplasmic protein that binds sugars in acidic conditions
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(Hu et al., 2013). After binding sugars, ChvE then binds to the periplasmic domain of
VirA, causing phosphorylation of VirG and subsequentvir gene expression (Figure 1.1)
(Cangelosi et al, 1990; Shimoda et al, 1993; Nair et al., 2011).

The nal signal required for virulence is an acidic pH, which is involved in virulence
induction through a variety of ways (Figure 1.1). Firstly, acidic pH is needed to upregulate
transcription of virG so that there is an adequate amount of VirG to induce a necessary
level of vir gene expression for successful infectiorMantis and Winans, 1992). Secondly,
as mentioned above, acidic pH is required for the binding of acidic sugars to ChvE and
therefore is necessary for sugar-induced virulence. Lastly, acidic pH is the signal responsible
for ChvG/Chvl induced virulence (Figure 1.1) (Wu et al.,, 2012). The ChvG/Chvl
two-component system senses and responds to acidic pH. In neutral conditions, the ExoR
protein is bound to ChvG and prevents phosphate transfer from ChvG to Chvl. In acidic
conditions, ExoR is degraded. This allows phosphate to be transferred from ChvG to
Chvl, which promotes expression of upstream acid-inducible genes includingirG (Wu

et al., 2012;Heckel et al, 2014).

T-strand generation and transfer

After induction by VirA/VirG, the other Vir proteins cut, process and trac T-DNA
from the Ti plasmid into the plant nucleus for transcription (Figure 1.1). VirD2 is an
endonuclease that nicks the Ti plasmid in the 25 base pair left and right border sequences,
excising single-stranded T-DNA out of the Ti plasmid (Yanofsky et al, 1986;Nester, 2014).
VirD2 then binds to the 5' end of the T-DNA, which protects the T-DNA from degradation
as it travels via the T4SS into the plant cell nucleus. This T4SS is comprised of 11 VirB
proteins and the VirD4 subunit and is therefore called the VirB/VirD4 T4SS (Figure 1.1).
VirC1 binds to the overdrive, which is a sequence to the right of the right border.
This binding enhances VirD2 cutting (Toro et al., 1989) and increases T-strand number
by increasing production of T-strand copies, but it is not essential for T-DNA transfer
(Atmakuri et al., 2007). VirC1 also directs the T-strand to the VirB/VirD4 T4SS to be
taken into the plant cell (Atmakuri et al., 2007). The T-strand, bound to VirD2, forms a

T-complex which also includes VirC1, VirC2 and VirD1 (Figure 1.1). This T-complex is
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then tra cked into the VirB/VirD4 T4SS and into the plant nucleus because the VirD2
protein includes a nuclear localization signal (Figure 1.1) (Nester, 2014). VirD4 and
VirB11 are channel ATPases and binding of the T-complex to these proteins causes ATP
binding and hydrolysis, activating VirB10 and causing transfer of the T-DNA through the
VirB/VirD4 T4SS into the plant cell ( Cascales et al. 2013). VirE2 proteins are non-speci c
single-stranded DNA binding proteins which are tra cked through the VirB/VirD4 T4SS
and then attach along the length of the T-DNA, protecting it from degradation in the
nucleus (Figure 1.1) Christie et al., 1988). Before entering the nucleus, the Vir proteins
that have processed and tra cked the T-DNA are most likely removed (Nester, 2014). An
Agrobacterium protein that is involved in this removal is VirF and a plant F-box protein,
VBF, can also remove these proteins, to the bene t of Agrobacterium. VirF and VBF cause
proteolysis of VirE2 proteins (Tzra et al. , 2004; Zaltsman et al,, 2010). The T-DNA can
then be tra cked into the plant cell nucleus. In the case of transient expression, most
of the T-DNA is not integrated into the host genome. Instead, it remains as part of the
sub-genome, meaning that it is extra-chromosomal and transcribed before being integrated
into the host genome. The T-DNA remains in the sub-genome at a high-copy number and
is transcribed, resulting in expression of the recombinant protein encoded by the T-DNA

(Figure 1.1) (Guo et al., 2019; Lacroix and Citovsky, 2019).

1.3.3 Using AgroLux to monitor Agrobacterium state

To increase our understanding of the e ects of plant immunity on A. tumefaciens, in this
thesis, a bioluminescent strain ofA. tumefaciens was used. This strain, A. tumefaciens
RSPJ07, commonly referred to as AgroLux, produces bioluminescence in proportion to
its live density and is a useful tool forin planta monitoring of Agrobacterium metabolic
state (Jutras et al., 2021). To generate AgroLux, alux operon was integrated into the
linear chromosome ofA. tumefaciens GV3101 This results in single-copy expression of
luciferase in each Agrobacterium cell which can be measured in leaf discs on a plate reader
or whole leaves using a long exposure camera (such as used for western blot imaging).
AgroLux provides a method to measure how Agrobacterium is a ected by plant immune

responses and when combined with recombinant protein quanti cation, gives information
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Figure 1.1: The major steps in Agrobacterium tumefaciens infection. 1)A. tumefaciens
moves towards and then attaches to the plant cell in natural infections. In agroin Itration, the
bacteria are delivered straight into the apoplast. 2) A. tumefaciens detects phenolics, sugars and
acidic pH in the apoplast via membrane proteins. 3) After this, VirG induces expression ofvir
genes. 4) Vir proteins cause cutting of T-DNA out of the Ti plasmid from 25 base pair border
sequences and VirD2, C1 and D4 bind to the T-DNA to form the T-complex. 5) VirB proteins and
VirD4 tra c the T-complex to the VirB/VirD4 T4SS and the T-complex is injected into the host
cell alongside other Vir proteins. 6)VirE2 proteins bind to the T-complex to shield it from host
degradation, VirF removes the proteins from the T-complex, leaving the T-DNA, which is tra cked
into the nucleus. 7) The T-DNA is integrated into the host sub-genome where it is transcribed.

on the importance of Agrobacterium state at various stages of infection for molecular
farming. In the twelve hours after agroin Itration, higher AgroLux correlated to higher
GFP accumulation (Jutras et al., 2021). This showed that AgroLux bioluminescence can
be used to predict relative recombinant protein accumulation at this early time point when
investigating ways to improve molecular farming (Jutras et al., 2021). Observation of how
AgroLux and recombinant protein accumulation correlate at various stages of transient
expression may provide guidance for strategies to investigate in the future to improve

molecular farming.
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1.4 Plant Immune Response

Plant defence responses hamper molecular farmingZ{pfel et al., 2006). In order to prevent
this, a good understanding of plant immunity is required. In this section an overview of
plant immunity and the speci ¢ interactions between host plants and Agrobacterium are

presented.

141 PTI

Unlike mammals, plants have only an innate immune response to ght o pathogens
(Zipfel and Felix, 2005). The rst stage of this immune response is PAMP-triggered
immunity (PTI). Pathogen-associated molecular patterns (PAMPSs) are speci ¢ fragments
of pathogen components that are recognised by the plant as non-self by surface-localized
receptors (Macho and Zipfel, 2014). Important PAMPs that are recognised by plants
include the agellin peptide Flagellin 22 (g22) ( Felix et al., 1999), elongation factor
thermo unstable (EF-Tu) peptide elongation factor 18 (elf18) (Kunze et al, 2004), cold
shock protein (CSP) peptide cold shock peptide 22 (csp22)Helix and Boller, 2003) and
peptidoglycan (Gust et al.,, 2007). PAMPs are recognised by cell surface receptors called
pattern recognition receptors (PRRs) (Zhang and Zhoy 2010). Plant PRRs are found in
two classes: receptor-like kinases (RLKs) and receptor-like proteins (RLPs). Both receptor
types contain an ectodomain for ligand binding of the PAMP, a transmembrane domain and
in RLKs a cytoplasmic kinase domain or a short cytoplasmic tail in RLPs (Couto and Zipfel,
2016). RLPs associate with SOBIR1 or SOBIR-like receptor kinases in order to bypass the
need for their own kinase domain Liebrand et al., 2013;Gust and Felix, 2014). PRRs that
contain a leucine-rich repeat (LRR) in the ectodomain typically bind protein and peptide
PAMPs whereas ectodomains containing lysine motifs (LysM) typically bind carbohydrate
PAMPs such as peptidoglycan and chitin (Couto and Zipfel, 2016;Lu and Tsuda, 2021).
Notable examples of LRR-PRRs are FLAGELLIN SENSITIVE 2 (FLS2) and EF-Tu
Receptor (EFR) which bind g22 and elf18, respectively (lmez-Gomez and Boller, 2000;
Chinchilla et al., 2007; Felix et al., 1999; Zipfel et al., 2006). Binding of PAMPs to

PRRs activates immune signalling via BAK1 co-receptors, to form activated heteromeric
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complexes Chinchilla et al., 2007). These complexes then phosphorylate receptor-like
cytoplasmic kinases (RLCKs) such as BIK1, which then causes phosphorylation of a
multitude of di erent signalling components such as calcium channels, oxidative burst
generators (including NbRbohB) and mitogen-activated protein kinases. Phosphorylation
of these components results in onset of PTI responses such as calcium in ux, ROS bursts,
callose deposition, stomatal closure and PTI-induced transcriptional reprogramming Kgou

et al.,, 2022). This transcriptional reprogramming includes upregulation of defence-related
genes and biosynthesis of ethylene, salicylic acid (SA) in response to biotrophic pathogens
and jasmonic acid (JA) in response to necrotrophic pathogens (Figure 1.2)Ngou et al,

2022;Lal et al., 2018).

1.4.2 Salicylic acid in plant defence

SA is produced through two pathways in plants (Figure 1.2A). The relative importance
of each is still being elucidated in N. benthamiana (Chen et al, 2009). Both
pathways require chorismate, which derives from the shikimate pathway in plastids.
ENHANCED DISEASE SUSCEPTIBILITY 5 (EDS5) is localized in the chloroplast
envelope and is required for transport of SA precursors out of the chloroplasts for
use in the isochorismate synthase (ICS) pathway. In this rst pathway, chorismate
is converted into isochorismate by isochorismate synthase (Figure 1.2A), which is then
converted into isochorismoyl-9-glutamate (IC-9-Glu), which then breaks down into SA
and 2-hydroxy-acryloyl-N-glutamate (2HNG) or N-pyruvoyl-L-glutamate (NPG). The
second pathway is called the PAL pathway, named after its reliance on phenylalanine
ammonia-lyase (PAL) to convert phenylalanine into trans-cinnamic acid which can then
be converted into SA (Figure 1.2A). Silencing each of these genes M. benthamianaresults
in signi cantly reduced levels of SA (Chen et al, 2010; Catinot et al., 2008; Pallas et al.,
1996).

SA is a vital plant defence hormone with roles in PTI, e ector-triggered immunity
(ETI) and systemic acquired resistance (SAR) (ran and Dong, 2014). SA ne-tunes the
immune responses it causes through cross-talk with other phytohormones such as ethylene

and jasmonic acid Spoel and Dong 2008). Infection by a biotrophic pathogen induces
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Figure 1.2: Schematic summary of the salicylic acid and jasmonic acid defence
pathways. (A) The salicylic acid (SA) pathway. Infection by a typically biotrophic induces
PTI and ETI responses, which lead to upregulation of SA biosynthesis genes includintCS, EDS5
and PBS3. This leads to an increase in SA biosynthesis through two pathways. The rst pathway
converts chorismate to salicylic acid through multiple steps including one catalysed by isochorismate
synthase (ICS) - this is the ICS pathway. The second pathway is reliant on phenylalanine lyase
(PAL), and is hence the PAL pathway. In this pathway, chorismate is converted into phenylalanine,
which is converted by PAL to salicylic acid. Salicylic acid production causes a change in the redox
state, which cause monomerization NPR1 oligomers. Once monomerized, the nuclear localisation
signal of NPR1 is exposed and NPR1 is translocated to the nucleys, where it binds to TGA
transcription factors. TGA transcription factors induce expression of defence genes including
pathogenesis related (PR) genes and WRKY transcription factors. (B) Infection by a necrotrophic
pathogen causes release of-linoleic acid from membrane lipids. This is then converted to OPDA,
which is converted to jasmonic acid. Jasmonic acid is then converted to jasmonic-like molecules
including methyl jasmonate. These molecules then bind to JASMONATE ZIM (JAZ) domain
transcriptional repressor proteins, which releases transcription factors including MYCs and EIN3
which were previously bound to JAZ. These transcription factors then induce expression of defence
genes including VSP2, JAZ, ERF1 and ORA59. Adapted from a Figure 1Pieterse et al. (2012).

increases in endogenous SAMalamy et al., 1990) after PTI-induced upregulation of genes
involved in SA biosynthesis encoding ICS, PAL and EDS5 Jones and Dang| 2006) (Figure
1.2A). The increased levels of SA then cause transcriptional reprogramming, resulting in
upregulation of pathogenesis-related genes (Figure 1.2A) and callose depositioM¢ore
et al.,, 2011; Wang et al,, 2013). SA-dependent transcriptional reprogramming is largely

due to e ects on the transcription coactivator Nonexpresser of PR genes 1 (NPR1)Chen
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et al., 2009) (Figure 1.2A). In the absence of pathogen infection, NPR1 resides as oligomers
in the cytosol. Upon infection, SA-accumulation causes cellular reduction. This change in
redox state of the cytoplasm reduces the disul de bonds holding NPR1 as oligomers, and
separates NPR1 into monomersloore et al., 2011). These monomers are then transported
into the nucleus, where they act as transcription coactivators by direct interaction with
TGA transcription factors, inducing upregulation of PR protein expression (Figure 1.2A)
(Fan and Dong, 2002). SA accumulation and signalling can also cause expression of PR
proteins in uninfected tissue through NPR1 regulation. This systemic expression of defence
genes is called systemic acquired resistance (SAR) and is e ective at preventing successful

infection of a range of pathogens §ticher et al., 1997).

1.4.3 The role of extracellular alkalinization in plant immunity

PTI includes a variety of responses to pathogens including biosynthesis of plant hormones,
ROS bursts, cytosolic calcium in ux and extracellular alkalinization ( Moroz et al., 2017). In
cell cultures of various plant species, medium alkalinization is one of the earliest responses
to elicitor challenge (Felix et al., 1999; Wu et al., 2014b) and pH change in subcellular
compartments signals for subsequent defence responses. Elicitor treatment of cultured
California poppy (Eschscholtzia californica) also resulted in cytosolic acidi cation and
vacuolar alkalinization, which led to increased production of antimicrobial compounds
called phytoalexins (Roos et al, 2006; Ahuja et al., 2012). Intracellular acidi cation of
tobacco cells resulted in increased PAL accumulation liapous et al, 1998).

The mechanism causing pathogen-induced apoplastic alkalinization has not yet
been fully elucidated. Multiple hypotheses have been proposed including activation
of K*/H* antiporters, H*/solute cotransporters and regulation of plasma-membrane
(PM) H* -ATPases (Elmore and Coaker, 2011). Phosphoproteomics suggested that the
Autoinhibited H *-ATPase isoform 2 (AHA2) is regulated by phosphorylation at two
residues after g22 elicitation (Nahse et al, 2007). Phosphorylation of the residue
T881 in AHA2 causes upregulation of proton pumping Fuglsang et al, 2014), whereas
phosphorylation of residue S899 in AHA2 causes downregulation of proton pumping

into the apoplast (Haruta et al., 2014). After g22 treatment in Arabidopsis thaliana,
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phosphorylation of AHA2 at residue T881 was reduced by one third and phosphorylation
at residue S899 was increased threefold, suggesting a functional role for AHA2 during
pathogen infection (Nahse et al., 2007). Further evidence for AHA2 involvement in PTI is
that after g22 elicitation, AHA2 pumps localise to detergent resistant membrane fractions
(DRM). Other important proteins involved in PTI, such as RLKs, are enriched in DRMs
(Shahollari et al., 2004; EImore and Coaker, 2011). However, evidence has also been
presented that inhibition of AHAZ2 is not the main cause of apoplastic alkalinization and
instead that depolarization of the plasma membrane is due to in ux of calcium ions into the
cytosol and an e ux of CI and NO3 ions causes proton in ux, resulting in an alkalized
apoplast (Jeworutzki et al., 2010; ElImore and Coaker, 2011;Wu et al., 2014b). Therefore
it has been proposed that AHA2 downregulation contributes to PAMP-induced apoplastic
alkalinization in combination with anion e ux and proton inux ( Elmore and Coaker,

2011).

P-type H*-ATPases including AHA2 are regulated in response to a variety of
signals including auxin, blue light, nutrient supply and pathogen perception. Signalling
peptides including g22, Plant peptide containing sulfated tyrosine 1 (PSY1) and Rapid
alkalinization Factor 1 (RALF1) regulate AHA2 activity by causing phosphorylation
at specic residues, mediated by their respective receptor kinases (Figure 2.1)Falhof
et al, 2016). Binding of RALF1 peptide to its receptor kinase, FERONIA, results
in phosphorylation of AHA2 at S899, which inactivates AHA2 and causes apoplast
alkalinization (Figure 2.1) (Haruta et al., 2014). PSY1 binds to its receptor, PSY1-R.
PSY1-R contains an intracellular kinase domain which, upon PSY1 binding, phosphorylates
AHAZ2 at T881, resulting in increased pumping of protons into the apoplast (Figure 2.1)
(Fuglsang et al, 2014). This acidi cation is necessary for plant growth, cell expansion
and hypocotyl elongation. PSY1 and PSY1-R signalling also function in plant defence by
balancing production of antagonistic phytohormones JA and SA. PSY1l-mediated defence is
required to mount JA-mediated defence against necrotrophic pathogens such adternaria
brassicicola and psylr mutants were more susceptible toAlternaria brassicicola infection.
In contrast, psylr mutants produced more SA and were less susceptible t€. syringae

DC3000 infection, suggesting a negative regulatory role for PSY1/PSY1-R in SA-mediated
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defence Mosher et al, 2013). PSY1/PSY1-R signalling therefore makes an attractive
target for pathogen intervention. Xanthomonas oryzae pv. oryzaeproduces a sulphated
peptide called Raxx which is a molecular mimic of PSY1. Expression of Raxx results
in similar e ects as PSY1 expression, including induction of root growth and promotes

virulence of Xanthomonas oryzae pv. oryzagPruitt et al. , 2017).

E ector proteins and ETI

For successful infections, pathogens must overcome plant immunity. Some pathogens
secrete e ectors into host cells to suppress both PTI and ETI and promote infection,
resulting in e ector triggered susceptibility (ETS) ( Jones and Dang| 2006). E ectors
can take various forms, with the most prolic classes being proteins and small
molecules. E ectors manipulate the host plant by many mechanisms including suppressing
immune responses, preventing recognition, manipulating cellular processes and redirecting
nutrients. For example, Pseudomonas syringaee ector, AvrPtoB, is secreted into plant
cells and acts as an E3 ligase to cause degradation of vital PTI components including
CERK1, BAK1, FLS2 and NPR1 (Langin et al., 2020). P. infestans RXLR e ector
Pi14054 targets another strand of plant immunity by suppressing RNA silencing inN.
benthamiana (Vetukuri et al., 2017). In order to redirect nutrients, several pathogens
secrete e ectors that induce expression of hosSWEET genes (Chen et al, 2010). The
encoded SWEET proteins are sugar e ux proteins that are involved in the release of
nutrients for the pathogen to take up. A small molecule e ector secreted by someP.
syringae strains, called coronatine, mimicks jasmonic acid. By secreting this jasmonate
mimic, the pathogen suppresses salicylic acid signalling and defence respons€sén et al,
2010).

Plant pathogens use a variety of e ectors to compromise plant immune responses and
cause e ector triggered susceptibility and enable successful infection. However, in the
ongoing molecular arms race between plants and their pathogens, some plants have evolved
to recognise these e ectors and mount a retaliatory immune response, called ETI. Plants
have evolved intracellular nucleotide-binding leucine-rich repeat receptors (NLRS) to detect

e ectors, which are often encoded byResistance(R) genes. Perception of e ectors results in
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activation of ETI ( Ngou et al, 2022). NLRs detect e ectors using a variety of mechanisms,
both with and without the aid of helpers and co-receptors Wu et al., 2018). The responses
involved in ETI overlap and interact with those observed during PTI and include ROS
production, calicum in ux and salicylic acid biosynthesis (Ngou et al, 2022). However, the
responses are typically more robust and ETI often modulates the hypersensitive response
(HR, a form of programmed cell death) to prevent further spread of biotrophic pathogens
(Cui et al., 2015). The evolutionary arms race continues and only when a pathogen can
avoid detection or overcome the subsequent immune responses of a host plant can infection

be successful.

1.4.4 RNA Silencing

Another layer of plant defence is RNA silencing. Long double-stranded RNA (dsRNA),
frequently from viruses, is recognised by plants and triggers transcriptional gene silencing
(TGS) and post-transcriptional gene silencing (PTGS) (Jay et al., 2023). Small RNAs
(sRNAs) complimentary to the non-self RNA are produced from the dsRNA by Dicer-like
(DCL) proteins. The sRNAs then associate with Argonaute proteins, which are
nucleases, and either cleave the RNA or trigger translational suppression of the non-self
RNA (Lopez-Gomollon and Baulcombe 2022). In addition to detecting virus-derived
dsRNA, plants also detect transgene-derived dsRNA, triggering gene silencing of the GOI
encoding the recombinant protein produced ({opez-Gomollon and Baulcombe2022). Viral
suppressors of RNA silencing (VSRSs) inhibit this process through a variety of mechanisms
including interacting with SRNA to prevent binding of Argonaut proteins, degrading
proteins required in RNA silencing and preventing methylation of SRNAs (Johnson et al,
2008; Ding and Voinnet, 2007). RNA silencing can also interact with other components
of plant immunity ( Lopez-Gomollon and Baulcombe 2022). VSRs can inhibit other
components of plant immunity. For example, Cauli ower Mosaic Virus VSRs 2b and P6
interfere with salicylic acid-dependent immune responsesJ)f and Ding, 2001). In contrast,
VSRs increase immune responses if they interact with NLRs and induce ETI, as is the case
for the tomato spotted wilt virus VSR called Nss (Lopez-Gomollon and Baulcombg2022;

de Ronde et al, 2014).
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1.5 The interaction between A. tumefaciens and N.

benthamiana

A. tumefaciens is a natural pathogen of multiple plant species includingN. benthamiana
and plant immunity is induced, even against disarmed strains Grosse-Holz et al, 2018a;
Goulet et al., 2010). N. benthamiana can detect A. tumefaciens presence by the PAMP
csp22, derived from the cold shock protein (CSP). The receptor responsible for recognition
of csp22 is disputed betweerNbCORE and NbCSPR (Saur et al, 2016; Wang et al.,
2016). Older plants have not been used for molecular farming because they produce low
yields of recombinant proteins (Saur et al., 2016). It has been proposed that older plants
do not express recombinant protein well because they are able to perceive the presence of
Agrobacterium because the receptordNbCORE and NbCSPR are expressed in older plants,

whereas they are not expressed in younger plantsSa@ur et al., 2016; Wang et al., 2016).

Upon initial detection of bacteria through recognition of PAMPSs, the plant releases
reactive oxygen species (ROS) and alkalises the apoplasPitzschke 2013). As a counter
measure to ROS bursts, A. tumefaciens strains secrete catalases to detoxify the ROS
released by the plants. An example of this is thekatA catalase, a chromosomal gene
implicated in virulence because it detoxi es ROS released by the plant Xu and Pan,
2000) (Figure 1.3).

The plant response to agroin ltration does not stop after PAMP-Triggered Immunity
(PTI). The N. benthamiana proteome is still a ected up to 10 days post in Itration
(Grosse-Holz et al, 2018a). During infection, the plant RNA silencing system is stimulated
to cause mRNA degradation of the GOI and methylation of the T-DNA (Thompson et al,
2020). This problem is mitigated by co-expression of the viral silencing suppressor protein
P19. This increases recombinant protein (RP) production signi cantly and co-expression
is commonplace in molecular farming Yan der Hoorn et al., 2003;Jay et al., 2023).

Agrobacteria have evolved to counter host resistance using a variety of strategies (Figure
1.3) by secreting virulence proteins into plant cells. Hijacking host molecules to aid transfer
and transcription of T-DNA is one strategy used. VirE3 proteins continue to aid infection

once the T-DNA is inside the nucleus by protecting T-DNA (See Figure 1.1). InA. thaliana
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Figure 1.3: Strategies used by  A. tumefaciens and N. benthamiana to aid virulence
and immunity, respectively.
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VirE3 has been reported to bind to the host transcription factor pBrp and tra c it into
the nucleus to stimulate host expression of F-box protein VBF (Niu et al., 2015;Thompson
et al.,, 2020). It has been proposed that VBF then targets the host transcription factor
VFPA4 to the proteasome for degradation (Thompson et al, 2020;Garca-Cano et al., 2018).
It is suspected that VFP4 is associated with initiating expression of host genes related to
defence Garca-Cano et al., 2018). Therefore, through expression of VirE3A. tumefaciens
may be suppressing the plant immune response (Figure 1.3).

The interactions betweenA. tumefaciens and its host plant during agroin ltration are
summarised in Figure 1.3. HelpingA. tumefaciens to avoid detection or dampening the

plant immune response might be a successful way to improve molecular farming.

1.6 Engineering of N. benthamiana and A. tumefaciens for

molecular farming

In this research, | aim to improve molecular farming by manipulating the interaction
betweenN. benthamianaand A. tumefaciens by engineeringN. benthamianathrough gene
expression and silencing. Some strategies have previously been developed to manipulate
both the immune response ofN. benthamiana and the virulence of A. tumefaciens to

improve recombinant protein production.

1.6.1 Suppression of plant RNA silencing to improve molecular farming

One element of the plant defence response is transcriptional and post-transcriptional gene
silencing of viral genomes Baulcombe 2004). In counter-defence, viruses encode proteins
that suppress host gene-silencing. Plants also respond to T-DNA irAgrobacterium-based
transient expression and mount the post-transcriptional gene silencing response, degrading
the T-DNA transcripts and reducing recombinant protein accumulation (Feng et al, 2022).
In order to protect transgenes from post-transcriptional gene silencing, a suppressor protein
from Tomato bushy stunt virusis transiently co-expressed with recombinant proteins. This
viral silencing suppressor, P19, reduces degradation of T-DNA transcripts\{an der Hoorn

et al.,, 2003). Studies have reported that P19 co-expression increases production of a
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variety of recombinant proteins including antibodies, allergens, human growth hormone and
vaccine candidates Chiong et al, 2021). Co-expression of P19 during molecular farming
is now common practice and demonstrates that inhibiting the plant immune response is a
successful strategy for improving molecular farming {Jay et al., 2023).

In addition to co-expressing P19, RNA silencing has been reduced by knocking out
important components of the RNA silencing mechanisms. Deletion of the RNA-dependent
RNA polymerase 6 by genome editing improved the accumulation of GFP upon transient
expression and these plants contained lower levels of small interfering RNA against GFP

(Matsuo and Atsumi, 2019).

1.6.2 Inhibition of proteolytic degradation

N. benthamiana encodes at least 1243 putative proteasesJ(tras et al.,, 2020). These
proteases lead to hydrolysis of recombinant proteins, reducing product yieldsSchillberg
et al., 2019). Methods used to prevent proteolytic degradation of recombinant proteins
includes co-expression of protease inhibitors with IgG antibodies Grosse-Holz et al,
2018a; Jutras et al.,, 2016) and protease depletion by gene silencingMandal et al.,
2014). In addition to in planta degradation, proteolysis also reduces protein yields during
downstream processing. In order to prevent degradation during processing, protease
inhibitors such as phenylmethylsulfonyl uoride (PMSF) are added to extraction bu ers

(Gengenbach et al.2018).

1.6.3 Targetting of recombinant proteins to subcellular compartments

Recombinant proteins can be secreted into the apoplast. This is particularly popular for
proteins produced in cell culture because the protein can be secreted into the culture
media, which facilitates easier downstream processingL{u and Timko, 2022). However,

the apoplast is a challenging environment for recombinant protein accumulation due
to the large numbers of proteases and defence moleculedigtt et al., 2014; Pillay

et al.,, 2014). In order to mitigate these problems, some recombinant proteins can be
targeted to subcellular compartments such as the endoplasmic reticulum (ER), cytosol and

chloroplasts. The compartment selected depends on the characteristics of the protein of
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interest, including folding, post-translational modi cations (PTMs) and its vulnerability

to proteases Marques et al, 2020). Targeting proteins to the ER has been e ective at
achieving the highest accumulation levels for proteins including the Dengue virus NS1
antigen (Marques et al, 2020). The high accumulation of functional protein may be
due to the prolonged interaction of the protein with ER-resident chaperones and low
proteolytic activity in the ER ( Marques et al, 2020). Recombinant proteins can also be
targeted to the chloroplast using an N-terminal fusion of a chloroplast transit peptide.
This strategy increased accumulation of a human papillomavirus type 16 therapeutic
vaccine candidate {ranez et al, 2017). In addition to chloroplastic targeting, recombinant
proteins can also be expressed in the chloroplast by engineering the plastid genome,
resulting in transplastomic lines. Chloroplast transformation provides advantages including
minimal gene silencing, multiple copies of the transgene in a single cell, uniform expression
and very low probability of transgene escape into the environment Benchabane et al.
2008). However, chloroplast transformation is sometimes an unsuitable strategy. This
is because it requires well-characterised chloroplast genomes (which are not available for
some plants), translation is constrained by the smaller set of tRNAs in chloroplasts and
because chloroplast retained proteins cannot acquire the same PTMs as secreted proteins

(Grabsztunowicz et al, 2017;Liu and Timko, 2022; Zoschke and Bock 2018).

1.6.4 Engineered Agrobacterium

Activation of vir genes is essential to successful transient expression. Recent work
shows that vir gene induction can be increased by addition of components including
acetosyringone, acidic bu ers and glucose to culture media and agroin Itration bu ers, and
results in increased transformation e ciency (Wu et al., 2014a;Srinivasan and Gothandam
2016; Xi et al., 2018). A. tumefaciens has also been engineered to increase activation of
vir genes to increase recombinant protein accumulation. APrA. tumefaciens strain has
been developed that over-expresses a constitutively active VirG mutant which increases
transformation e ciency and host range of Agrobacterium-mediated transformation
(van der Fits et al., 2000). Another engineeredAgrobacterium strain increases recombinant

protein expression by producing enzymes which degrade 1-aminocyclopropane-1-carboxylic
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acid (ACC, an ethylene precursor) and Gamma-aminobutyric acid (GABA) (Nonaka et al,
2019, 2017). Both of these phytohormones hinder transient expression. Enabling.
tumefaciens degradation of these phytohormones increased transient expression in a variety

of plant species, includingN. benthamiana (Nonaka et al, 2019, 2017).

1.6.5 Barriers to improvement

As discussed in this introduction, various strategies have been found to increase
recombinant protein production by molecular farming. However, yields are still lagging
behind conventional expression systemsBuyel, 2019; Zischewski et al, 2016). In order
to nd new strategies, many treatments need testing in planta. However, investigating
strategies is often reliant on expensive and time-consuming techniques such as RNA-seq
and mass spectrometry to nd candidates and western blotting of many samples to test
them. Furthermore, there is large variation in the e ectiveness of strategies between host
plants, meaning that research is often not translatable between di erent species. Therefore,
in this research, | aim to optimize a new high-throughput screening system to investigate
how A. tumefaciens state is impacted during molecular farming and to nd new strategies

to improve yields.

1.7 Research aims and rationale

This thesis contributes a signi cant advance in the understanding of the e ect of plant
immunity on molecular farming. As discussed in this introduction, there is signi cant
evidence that there are a variety of interactions betweenN. benthamiana immunity and
A. tumefaciens. We hypothesised that reducingN. benthamiana immune responses toA.
tumefaciens would increase yields of recombinant proteins.

The aim of this thesis was to improve understanding of howN. benthamiana immune
responses impactA. tumefaciens state and molecular farming. This was achieved rstly
by studying how apoplastic alkalinization impacts A. tumefaciens. Subsequently, we
developed a high-throughput screen to evaluate the e ects of new strategies on improving

molecular farming. Using this screening technique, we tested the e ects of co-expressing
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130 P. infestans RXLR e ectors on recombinant protein accumulation and the impact of
silencing a variety of N. benthamiana immunity genes on recombinant protein expression.

In Chapter 2 the e ect of apoplastic pH on A. tumefaciens was investigated. This was
achieved rstly by altering apoplastic pH using chemical bu ers. Subsequently, apoplastic
pH was controlled by expression of two peptide elicitors which regulate the rate of proton
pumping through a plasma membrane H -ATPase called AHA2. Lastly, the apoplast
was alkalinized by expressing the mutant, AHA2-S899A. The impacts of apoplastic pH
change on AgroLux bioluminescence, recombinant protein accumulation and plant defence
responses were assessed and are discussed in this chapter.

In Chapter 3 a high-throughput screen measuring A. tumefaciens state and
recombinant protein expression was established. The "Tra c Light Screen' screen measures
AgroLux bioluminescence and uorescent protein expression using a plate reader. This
screening system was then utilised in the following two chapters to nd new strategies
to improve molecular farming and assess the impacts of plant defence responses An
tumefaciens

Chapter 4 investigates the impact of e ector co-expression on transient expression
using the “Tra c Light Screen'. Using this screen, six positive hits were identi ed which
were then tested with antibody co-expression and subsequently at industrial scale.

Chapter 5 rstly uses the "Tra c Light Screen' to test if immunity gene silencing can
be used as a strategy to improve molecular farming. This screen identi ed three candidates
that improved recombinant protein expression which will be investigated further in the
future. In this chapter, NbCORE was also identi ed as an essential receptor for induction
of the csp22-induced ROS burst in older plants. Furthermore NbCORE depletion in older
plants increased recombinant protein accumulation and represents a promising strategy for
improving molecular farming.

In Chapter 6 , the implications of these ndings are discussed in relation to their
impacts on molecular farming and advances in understanding of the interaction between

N. benthamiana and A. tumefaciens.
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2.1 Abstract

The interaction between Nicotiana benthamiana and Agrobacterium tumefaciens during
transient expression is an integral factor in Plant Molecular Farming. However, the
Agrobacterium side of this interaction has not been characterised to the same extent
as the plant side. A. tumefaciens uses pH sensors to induce transformation of plants
in both wild and biotechnological settings. Despite common understanding that pH is
critical during early infection, long-lasting e ects of pH on Agrobacterium in agroin ltrated
leaves have not been documented. Here, we manipulated the apoplastic pH dficotiana
benthamiana by targeting the Autoinhibited H * -ATPase isoform 2 (AHA2) to monitor
the extended e ects of pH manipulation in planta on Agrobacterium. By transiently
overexpressing the AHA2-modifying elicitor RALF1, we discovered that extended
alkalinization of the apoplast is detrimental to Agrobacterium and increases the production
of pathogenesis-related proteins byN. benthamiana To conrm pH-dependence, we
mutated AHA2 to demonstrate the direct impact of alkalinization on Agrobacterium. We
show that expression of AHA2-S899A triggers alkalinization of the apoplast, translating
into the same disruptive e ect on Agrobacterium and plant defence as observed with
RALF1 overexpression. By contrast, transient expression ofAtPSY1l increased the
bioluminescence of AgroLux and decreased accumulation of pathogenesis-related proteins.
We show that the changes to AgroLux and PR protein accumulation upon pH change is
dependent on salicylic acid signalling. These results demonstrate new insights into the
detrimental e ects of pH change on Agrobacterium and how AgroLux can be used as an
e ective tool to study the impacts of N. benthamianaimmune responses on Agrobacterium

in planta.
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2.2 Introduction

Apoplastic pH is a vital physiological factor in plant responses to both biotic and
abiotic stresses Geilfus, 2017). The leaf apoplast is maintained at approximately pH 5.5
(Puchol Tarazona et al, 2021) when not under stress and alkalizes transiently in response to
pathogen, drought and high salinity (Geilfus, 2017). The resulting changes to apoplastic
pH a ect mobility of phytohormones such as ABA, and the transport of nutrients and

metabolites across the plasma membrane.

Apoplastic alkalinization has been detected during multiple host-pathogen interactions.
In one example, potato suspension cells alkalized extracellularly in response to both a
PAMP (Chitin) and DAMP (systemin) ( Moroz et al., 2017). Additionally, Felix et al.
(1999) showed that puri ed and boiled agellin from P. syringae caused alkalinization in
tomato suspension cells. This alkalinization is triggered upon the detection of bacterial
peptide g22 (Felix et al., 1999) by the FLS2 receptor (Gomez-Gomez and Boller, 2000).
However, they found that A. tumefaciens g22A%™ s too divergent from P. syringae
g22 to cause the alkalinization response observed in tomato suspension cells. It was
later reported that the g22 AYM elicitor is recognised by wild grape Vitis riparia ). This
plant species has a previously unknown form of the receptor, FLS% , which can recognise
g22Aum - Transgenic Nicotiana tabacum expressing FLSZ- were more resistant to A.
tumefaciensinfection. They had signi cantly less Agobacterium growth, tumour formation
and a lower accumulation of GUS by transient expression Harst et al., 2020). Likewise,
agroin ltration into  A. thaliana causes extracellular alkalinization due to the recognition
of the EF-Tu peptide, elf18, by the EFR receptor (Kunze et al, 2004; Wu et al., 2012).
These examples show that apoplast alkalinization is part plant PAMP-triggered immunity

(PTI) and that this response can be elicited by A. tumefaciens.

As part of the PTI response, apoplastic alkalinization induces further plant defence
responses through regulation of calcium signalling. Calcium ion inux into plant cells
causes upregulation of defence response genes. This inux is reliant upon a plasma
membrane Cd& /H* exchanger, which has an optimal pH of 7.0 Zhai et al., 2013).

Maintenance of a stable pH of 5.5 using MES bu er during Agroin Itration in both Col-0
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Arabidopsis and efrl mutants suppressed the accumulation of transcripts levels of two
defence-related genes and increased GUS accumulatiowang et al., 2018b). The change
in defence-gene transcript is EFR independent and this indicates that the inhibition of
alkalinization reduces the defence response to agroin Itration.

Given the lack of both FLS2XL and EFR in N. benthamiana, the molecular interaction
between A. tumefaciens and N. benthamiana that causes alkalinization has not yet been
shown. However, two receptors of Agrobacterium PAMP, csp22, have been reported. These
are CSPR and CORE (Saur et al., 2016;Wang et al., 2016) and their interaction with csp22
may be responsible for alkalinization during agroin ltration of N. benthamiana

In addition to reducing the defence response, preventing alkalinization of the apoplast
is important for molecular farming because an acidic pH is one of the inducers ofir gene
expression. Acidic pH is a signal for expression of various acid-inducible genes via the
ExoR-ChvG-Chvl regulatory cascade (Wu et al., 2012). Acidic pH causes degradation
of ExoR, which ceases physical interaction between ExoR and ChvGWu et al., 2012),
allowing for transfer of phosphate from ChvG to Chvl, thereby activiating Chvl and
promoting expression of acid-inducible genes that are necessary for virulence. These
induced genes include VirG, which is part of the VirA/VirG two-component system which
is vital for expression of the Type IV secretion system and of virulence genes secreted for
T-DNA transfer ( Mantis and Winans, 1992). A further role of acidic pH in Agrobacterium
infection is that it is required for the binding of monosaccharides to ChvE; another required
step in the induction of virulence genes by VirA/VirG ( Wu et al., 2012).

Given the importance of apoplastic pH to molecular farming, it is vital to
understand how it a ects Agrobacterium during its interaction with N. benthamiana
A well-characterised regulator of apoplastic pH is Autoinhibited H* -ATPase isoform 2
(AHA2). This is a P-type ATPase that controls apoplastic pH by up- and down-regulation
of proton pumping across the plasma-membrane inA. thaliana (Falhof et al., 2016).
Changes to rate of proton pumping by AHA2 are controlled by three peptide elicitors and
interaction with their respective LRR-RK/RLK. These three peptides are g22, RALF1
and PSY1. Binding of these peptide elicitors to their receptors leads to phosphorylation

of AHA2 and a change in proton pumping (Falhof et al., 2016). For pH manipulation, this
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work has focused on the acidifying PSY1 and alkalizing RALF1 peptides (Figure 2.1).

AHA2 pumps protons across the plasma membrane in order to down-regulate apoplastic
pH in the absence of peptide elicitors (Figure 2.1A and B). Upon PSY1 binding, the
receptor directly interacts with the C-terminal domain of AHA2 and phosphorylates AHA2
on Threonine 881 (T881), in the autoinhibitory domain, increasing proton pumping out
of cells (Figure 2.1C) (Fuglsang et al, 2014). In contrast, RALF1 binds to its receptor,
FERONIA, and through an unknown signal this leads to phosphorylation of AHA2 at
Serine 899 (S899) and subsequently a reduction in proton pumping (Figure 2.1D)Haruta
et al.,, 2014). In order to manipulate the pH of the apoplast, we have expressed RALF1,
PSY1 and the PSY1 receptor inN. benthamiana

In addition to impacting apoplastic pH, PSY1 signalling also functions in plant defence
by regulating production of phytohormones jasmonic acid (JA) and SA. PSY1 signalling is
required to mount JA-mediated defence against necrotrophic pathogens such adternaria
brassicicola and psylr mutants were more susceptible toAlternaria brassicicola infection.
JA and SA function antagonistically. psylr mutants produced more SA and were less
susceptible to P. syringae DC3000 infection, suggesting a negative regulatory role for
PSY1 signalling in SA-mediated defence Kosher et al, 2013).

In order to further understand the e ects of apoplastic pH, we also manipulated AHA2
by mutating the two phosphorylation sites. Mutations at these two residues aimed to be
phosphomimics (Figure 2.1E and G) and phosphomutants (Figure 2.1F and H). The aim
of these mutants was to express AHAZ2 in forms where it is constitutively in its activated
(Figure 2.1E and H) and inactivated (Figure 2.1F and G) forms, aiming at constitutive
acidi cation and alkalinization, independent of PSY1 and RALF1.

The aims of this chapter are to understand how Agrobacterium is a ected by apoplastic
pH at di erent stages of agroin Itration and how apoplastic pH a ects the plant defence
response to Agrobacterium infection. Furthermore, this chapter aims to establish the role of
apoplastic pH in transient expression and whether apoplastic pH manipulation at di erent
time points is a useful strategy for improving recombinant protein production by plant

molecular farming.
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Figure 2.1: AHA2 is a P-type H* -ATPase controlling apoplastic pH by up and down-regulation of
proton pumping into the apoplast. (A and C) PSY1-R is activated by binding of PSY1. Activated
PSY1-R directly phosphorylates AHA2 at position T881, which activates AHA2. This causes AHA2
to pump more protons into the apoplast, causing apoplastic acidi cation. (B and D) Binding of
peptide RALF1 to its receptor FERONIA causes phosphorylation of AHA2 at position S899 by
signal transduction, likely through activity of other kinases. It was predicted that substitution
of position T881 with aspartic acid would cause acidi cation (E) and with valine apoplastic
alkalinization. It was predicted that substitution of position S899 with aspartic acid would cause
alkalinization (G) and with alanine would cause acidi cation (H).

2.3 Results

23.1 Eect of pH buering on Agrobacterium tumefaciens and

recombinant protein production

Buering of bioluminescent Agrobacteria exposes pH sensitivity of

Agrobacterium state

To establish if Agrobacteria are aected by changes in apoplastic pH, we added the
bioluminescent strain Agrobacterium tumefaciens RSPJO7(AgroLux) into a 96-well plate
and added phosphate bu ers at pH 5.6 or 7.1. AgroLux bioluminescence measured over

100 minutes was signi cantly higher when bu ered at pH 7.1 than pH 5.6 (Figure 2.2A).
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By contrast, AgroLux bu ered in planta was signi cantly higher when bu ered to
pH 5.6 than 7.1 (Figure 2.2B). In planta bu ering of AgroLux was achieved by in Itrating
phosphate bu ers at pH 5.6 and 7.1 three days after agroin Itration of AgroLux into leaves.
From these results (Figure 2.2) we can see that pH does a ecf. tumefaciens and this

e ect di ers when administered in vitro or in planta.

Neutral agroin Itration buer aects Agrobacterium state and reduces

transient expression of recombinant proteins

To decipher the impact of agroin ltration pH on A. tumefaciens state and uorescent
recombinant protein accumulation in planta, we monitored the change in AgroLux
bioluminescence and GFP/RFP uorescence upon agroin Itration (Figure 2.3. AgroLux
was agroin Itrated alongside A. tumefaciens carrying expression cassettes for cytosolic
superfolded GFP (cytoGFP) and secreted mRFP (secRFP). At 1, 3, 5 and 7 days post
in Itration (dpi) the bioluminescence and uorescence from GFP and RFP were measured
in leaf discs. CytoGFP and secRFP uorescence are both visible from 3 dpi, representing
the beginning of accumulation of these two recombinant proteins. Fluorescence of both
proteins is lower in leaves agroin ltrated with the neutral pH 7.1 bu er, supporting use
of an acidic in Itration bu er for transient expression (Figure 2.3). In contrast, the
bioluminescence of AgroLux is lower in leaves agroin ltrated with neutral agroin Itration
bu er from 3dpi, but is the same at 1dpi. The bu ering e ect of in Itrated bu ers lasts
only in the range of hours after agroin Itration (after 300 minutes the di erence in pHluorin
ration between pH 5.6 and 7.1 has decreased, see Figure 2.4) but has a longer e ect on
AgroLux (Figure 2.3). The sustained e ects of neutral apoplastic pH on recombinant
protein accumulation and AgroLux is substantial and therefore led us to test how a
sustained alkaline pHin planta could a ect A. tumefaciens. This experiment exposes the
long-lasting impact of neutral in Itration bu er pH on Agrobacterium bioluminescence
and con rms the importance of acidic pH for recombinant protein expression. Acidic pH
triggers infection and T-DNA transfer at the early stage of the plant-bacteria interaction
(Mantis and Winans, 1992). In contrast, a more alkaline apoplastic pH increases AgroLux

bioluminescence but results in reduced recombinant protein expression.
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Figure 2.2: Buering of bioluminescent A. tumefaciens at pH 5.6 and 7.1 causes
contrasting changes to AgroLux in vitro compared to in planta . (A) Agrobacterium

tumefaciens RSPJO7  (AgroLux) bu ered at pH 7.1 is higher than when bu ered at

pH 5.6 in vitro A. tumefaciens RSPJO7 was mixed to a nal OD gy of 0.5 with 200mM sodium
phosphate bu er at pH 5.6 and 7.1. Bioluminescence of\. tumefaciens RSPJO7 was measured over
100 minutes. Twelve replicates for each treatment were measured for which mean and standard
error of mean are indicated. Similar results were obtained in one more experimental replicatgB)
AgroLux Agrobacterium tumefaciens RSPJO7 (AgroLux) bu ered at pH 5.6 is higher

than when buered at pH 7.1 in planta . A. tumefaciens RSPJ0O7 was agroin ltrated into
four-week-old N. benthamiana in MES-MgCI, agroin Itration bu er. Three days post in Itration

the same leaf tissue was in Itrated with 2100mM phosphate bu er at pH 5.6 and 5.7. Leaf discs were
immediately punched and placed into 2001 of water in a 96-well-plate and bioluminescence was
measured over 100 minutes. Twelve replicates for each treatment were measured for which mean
and standard error of mean are indicated. Similar results were obtained in two more experimental
replicates.
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Figure 2.3: Acidic agroin Itration bu er pH decreases AgroLux bioluminescence and

increases transient expression of recombinant proteins. (A) AgroLux bioluminescence

is signi cantly higher in tissue agroin ltrated at pH 7.1 from 3dpi. (B) cytosolic GFP

uorescence is signi cantly higher in tissue agroin Itrated at pH 5.6. (C) secreted RFP

uorescence is signi cantly higher in tissue agroin ltrated at pH 5.6. Four-week-old
N. benthamiana plants were agroin ltrated with A. tumefaciens RSPJ07 harbouring expression
cassettes for cytosolic super-folded GFP (cytoGFP) and secreted RFP (secRFP). tumefaciens
was agroin ltrated in phosphate bu ers at 5.6 and 7.1 instead of standard MES agroin Itration
buer. At 1, 3, 5 and 7dpi, leaf discs were punched and measured for bioluminescence and
uorescence at Ex. 480nm, Em. 515nm (cytoGFP) and Ex. 550nm. Em. 585nm (secRFP).
Twelve replicates for each treatment were measured for which Mean and Standard Error of Mean
are indicated. Similar results were obtained in two more experimental replicates.
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2.3.2 Techniques used to measure apoplastic pH

Secreted GFP pHluorin can be used to detect apoplastic pH changes

To establish how Agrobacteria are a ected by apoplastic pH, we used a pH-sensitive GFP
mutant that had been used to measure pH in the secretory pathway Jutras et al., 2015) but
relied on confocal microscopy to establish di erences. Four-week-oltN. benthamiana were
agroin ltrated with  A. tumefaciens GV3101 harbouring expression cassettes for secreted
GFP pHluorin. At 5dpi, apoplastic uid containing secreted GFP pHluorin was extracted
and added to phosphate bu ers at pH 5.6 and pH 7.1 (Figure 2.4). The excitation spectrum
of secreted GFP pHluorin in apoplastic uid was measured using a plate reader and followed
a similar pattern to that described for neutral and acidic pHs when optimised in previous
works (Figure 2.4A) (Miesenback et al, 1998; Jutras et al., 2015). For each subsequent
experiment in this work using secreted GFP pHluorin, an excitation spectrum measured
from 380nm to 480nm was performed on the samples to obtain the two peaks from which
to take ratios for that speci ¢ experiment because the peaks of the ratios varied slightly
between experimental replicates and a ected the ratio which the pH measurement was
made. The peaks in Figure 2.4B were at 400nm and 480nm and therefore were used to

calculate the pHluorin ratio plotted.

Next we tested smaller changes to pH by bu ering the apoplastic uid at intervals
and determining the ratio of peaks at wavelength excitations of 400nm and 480nm. This
data shows that apoplastic pH can be measuredh vitro successfully using secreted GFP
pHIluorin (Figure 2.4B). This method can be performed reasonably high throughput by

carrying out apoplastic uid extractions from agroin Itrated tissue in small syringes.

A more high throughput pH measurement was to measure secreted GFP pHIuorin
excitation ratios on a plate reader in leaf discs (Figure 2.5). Four-week-oldN. benthamiana
were agroin ltrated with A. tumefaciens GV3101 harbouring expression cassettes for
secreted GFP pHluorin. At 5dpi, leaf discs were punched from agroin ltrated tissue and
in Itrated with 100mM phosphate bu ers at pH 5.6 and pH 7.1. They were placed in a
96-well plate and measured for uorescence at Ex. 400nm and 485nm, Em. 515nm. The

ratio of these two uorescence values was plotted and is signi cantly di erent between leaf
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Figure 2.4: GFP pHluorin is pH-sensitive in in vitro . (A) Fluorescence excitation
scan (Em. 510mn) of secreted GFP pHluorin in AF buered to pH 5.6 and 7.1. (B)

Secreted pHluorin uorescence ratio (Ex. 400/485nm) in increasing pH Phosphate

buer. Four-week-old N. benthamiana plants were agroin Itrated for expression of secreted GFP
pHluorin. At 5dpi, apoplastic uid (AF) were extracted and diluted in 200mM Phosphate bu ers.
Nine replicates for each treatment were measured for which Mean and Standard Error of Mean are
indicated.

discs in ltrated with phosphate bu er at pH 5.6 and pH 7.1 (Figure 2.5). The ratios of
uorescence of both treatments begins high and then decreases over time (Figure 2.5). The
decrease in ratio in both treatments may re ect the gradual return to normal apoplastic
pH, which is acidic, after the in Itration of both bu ers. However, this hypothesis has
not been tested and needs further investigation. These results show that secreted GFP
pHluorin does not need to be extracted from leaves to see di erences in apoplastic pH
and therefore can be used as a high-throughput tool to detect pH changes in the apoplast

during our investigations of how apoplastic pH a ects Agrobacterium.

Con rmation that pHrodo —Red Dextran can be used to measure pH in vitro

The second method to measure the pH of the apoplast was to use pHrodeRed Dextran for

Endocytosis (pHrodo—Red Dextran, Invitrogen). This is a uorescent dextran conjugate
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Figure 2.5: GFP pHluorin is pH-sensitive in planta . Four-week-old N. benthamiana plants
were agroin Itrated for expression of secreted GFP pHIluorin. At 5dpi the same tissue was in ltrated
with 100mM phosphate buers at pH 5.6 and 7.1. Leaf discs were punched immediately and
uorescence was measured over 300 minutes at Ex./Em. 400/510 and 485/510nm. Twelve replicates
for each treatment were measured for which mean and standard error of mean are indicated. Similar
results were obtained in one more experimental replicate.

used to measure the pH of the mammalian endocytic pathway between pH 5 and i@ vivo.
This is the pH range that we expect to be measuring in the apoplastic uid of both naive
and agroin ltrated N. benthamiana Therefore we rst tested if pHrodo—Red Dextran was
pH sensitivein vitro by adding it to phosphate bu ers between pH 5.4 and pH 7.6 (Figure
2.6). The uorescence of pHrode—Red Dextran decreased as expected with increasing

alkalinity with an R 2 value of 0.921 (Figure 2.6).



2.3 Results 43

Figure 2.6: pHrodo — Red Dextran can be used to measure pH in vitro . Invitrogen
pHrodo—Red Dextran for Endocytosis was added (20ug/mL) to Phosphate Bu ers between pH 5.4
and 7.7 and uorescence at Ex. 550nm and Em. 585nm. Decreasing uorescence correlates with
increasing pH. Three replicates were used for each measurement, for which Mean and Standard
Error of Mean are indicated. Similar results were obtained in two more experimental replicates.

2.3.3 Agrobacterium bioluminescence is reduced by RALF1-induced

apoplastic alkalinization and increased by PSY1 expression

Agrobacterium bioluminescence is a ected by elicitor-generated pH changes in

the apoplast

In order to understand how Agrobacterium is a ected by pH beyond the changes that
are caused by buers, we transiently expressed two peptide elicitors which have been
described as altering the pH of the apoplast antagonistically through regulation of an
H* -ATPase named Autoinhibited H* -ATPase isoform 2 (AHA2) (Falhof et al., 2016).
The rst peptide is RAPID ALKALINIZATION FACTOR-1 (RALF1) and the second
is PLANT PEPTIDE CONTAINING SULFATED TYROSINE 1 (PSY1). The e ect of
these elicitors was initially measured inA. thaliana (Falhof et al., 2016). A homolog of
RALF1 was found in the N. benthamiana genome and NbRALF1) was cloned into an
agroin ltration vector (Figure 2.17). No homolog of PSY1 was found in N. benthamiana
therefore we cloned theAt PSY1 and its receptor (At PSY1-R) into agroin ltration vectors.
Four-week-old N. benthamiana were agroin ltrated to express these elicitors and leaf

discs were taken and apoplastic uid extracted at 5dpi. Changes to pH were measured
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using secreted GFP pHluorin (Figure 2.7A) and pHrodo—Red Dextran (Figure 2.7B).
Signi cant alkalinization was observed upon overexpression oNbRALF1 using both pH
measurements (Figure 2.7A, B). RALF1 induced alkalinization of the apoplast at 5dpi,
but cytosolic GFP pHluorin indicated that the cytosolic pH is not a ected at 5dpi (Figure
2.8), however this needs further investigation because these results were only collected in
one replicate. Although a pattern of acidi cation was observed in multiple replicates of
this experiment upon expression ofAt PSY1 and its receptor, this was not statistically
signi cant using either pH measurement method (Figure 2.7A, B).

AgroLux bioluminescence of leaf discs was also measured and plants expressing
At PSY1/R had signi cantly more AgroLux bioluminescence per leaf disc than EV (Figure
2.7C). Plants expressingNbRALF1 had signi cantly less bioluminescence per leaf disc than
empty vector (EV) (Figure 2.7C). From this data we show that sustained alkalinization by
NbRALF1 causes a large reduction in AgroLux bioluminescence whereas its antagonistic
peptide PSY1, although not causing a signi cant acidi cation, still causes an increase in
AgroLux bioluminescence. This data suggests that Agrobacterium state is sensitive to

prolonged pH change in the apoplast.

2.3.4 Nb RALF1-induced alkalinization is detrimental to recombinant

protein accumulation

Given the vital role of Agrobacterium in plant molecular farming, we next hypothesised
that this prolonged pH e ect on Agrobacterium during transient expression would a ect
recombinant protein production. To investigate this we co-expressed the peptide elicitors
with two dierent proteins. Firstly we co-expressed the HIV neutralising antibody,
VRCO01, with the pH-changing elicitors (Figure 2.9A). VRCO01 accumulation was reduced
when co-expressed withNbRALF1 (Figure 2.9A), suggesting that alkalinization may be
detrimental to recombinant protein production. Co-expression of At PSY1 and its receptor
reduced accumulation of VRCO1 (Figure 2.9A). To test an additional protein, we expressed
RD21, an endogenoudN. benthamiana Cys proteases. Accumulation of RD21 was detected
by western blot using anti-triticain- and was also reduced withNbRALF1 expression and

slightly reduced with At PSY1/At PSY1-R expression (Figure 2.9B).
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Figure 2.7: NbRALF1 overexpression increases apoplastic pH and reduces
AgroLux bioluminescence. AtPSY1 expression increases AgroLux bioluminescence.
Four-week-old N. benthamiana plants were agroin Itrated with AgroLux and for expression for the
following treatments: EV (EV, EV); RALF1 (NbRALF1, EV) and PSY1 (AtPSY1, AtPSY1-R).

See Table 7.21.(A) Ratio of Secreted GFP pHluorin ratio (Ex. 400 and 480, Em. 510)

is signi cantly increased by overexpression of NbRALF1 and nonsigni cantly reduced

by At PSY1. In addition to the constructs above, plants were agroin Itrated for expression of
secreted GFP pHIuorin. Leaf discs were taken at 5dpi and measured for uorescence at Ex. 400
and 480, Em. 510. Twelve replicates for each treatment were measured for which Mean and
Standard Error of Mean are indicated. Similar results were obtained in two more experimental
replicates. (B) RALF1-dependent alkalinization is measurable using pHrodo — Red
Dextran. Apoplastic uid was extracted from leaf tissue expressing the above constructs at 5dpi.
pHrodo—Red Dextran was added at 20ug/mL to the AF and uorescence at Ex./ Em. 550/585 was
measured. Four replicates for each treatment were measured for which Mean and Standard Error of
Mean are indicated. A standard curve of phosphate bu ers was measured on the same plate and pH
guanti cations are extrapolated from this. Similar results were obtained in one more experimental
replicate. (C) Bioluminescence of AgroLux is reduced by Nb RALF1 expression and
increased by At PSY1 expression. Leaf discs were taken at 5dpi from plants expressing the
above constructs and Luminescence was measured on a plate reader. Twelve replicates for each
treatment were measured for which mean and standard error of mean are indicated. Mean and
Standard Error of Mean are indicated. Data was analysed using ANOVA with a Dunnett's Multiple
Comparison test. *P<0.05, *P<0.01, **P <0.001. Similar results were obtained in two more
experimental replicates.

Role of pH in Plant Defence Responses

In order to understand how the elicitor-mediated pH changes aect AgroLux and
recombinant protein production, we next investigated the impact on plant defence
responses by detecting pathogenesis-related (PR) protein accumulation in total soluble
protein. Leaves expressingNbRALF1 had increased accumulation of -1,3-glucanase

(PR2) and class | chitinase (PR3) in comparison to the EV control (Figure 2.11A and
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Figure 2.8: NbRALF1 overexpression increases apoplastic pH but does not impact cytosolic pH.
Four-week-old N. benthamiana plants were agroin Itrated with A. tumefaciens carrying expression
cassettes for either EV or RALF1, each either cytosolic GFP pHluorin or secreted GFP pHluorin.
Leaf discs were punched at 5dpi and uorescence was measured at Ex./Em. 400/510nm and
480/510nm and the ratio between the two plotted. Twelve replicates for each treatment were
measured for which mean and standard error of mean are indicated. Data was analysed using
ANOVA with a Dunnett's Multiple Comparison test. **P < 0.01.This experiment was performed
once and requires further investigation.

B), indicating that the plant defence response is upregulated by RALF1. By contrast,
leaves expressingAt PSY1 and At PSY1-R had decreased accumulation of -1,3-glucanase
(PR2) and class | chitinase (PR3) in comparison to the EV control (Figure 2.11A
and B), indicating a downregulation in the plant defence response by PSY1/PSY1-R
expression. In addition, leaves expressinlbRALF1 had lower total protein, especially less
of the large RuBisCO subunit (Figure 2.11C). In contrast, leaves expressing\t PSY1 and
At PSY1-R had higher total protein and more of the large RuBisCO subunit (Figure 2.11C).
Photosynthesis proteins are transcriptionally downregulated during defence responses, and

also upon agroin ltration ( Grosse-Holz et al, 2018a).

To determine if AgroLux bioluminescence changes correlate withA. tumefaciens
growth, we measured Agrobacterium colonisation by plating out a dilution series of
agroin ltrated leaf extracts and counting CFU. Expression NbRALF1 and At PSY1 with
At PSY1-R resulted in no changes to Agrobacterium growth (Figure 2.10), despite the

defence responses observed. This is consistent with previous reports that AgroLux
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Figure 2.9: Nb RALF1 expression reduces accumulation of antibody VRCO01 and

protease RD21. Four-week-old N. benthamiana plants were agroin ltrated with AgroLux and

for expression for the following treatments: EV (EV, EV); RALF1 (NbRALF1, EV) and PSY1
(AtPSY1, AtPSY1-R) and either VRCO1 HC and LC (A) or NbRD21 (B) . See Table 7.21. Leaf
discs were taken at 5dpi and total soluble protein extracted. Proteins were separated on a 12%
SDS-PAGE gel and detected by western blotting using - 1gG (A) and using -triticain (B)
antibodies. Coomassie-stained gels are shown as protein expression and loading controls. All lanes
represent samples from four biological replicates in one experiment pooled together. Similar results
were obtained in one more experimental replicate.

reduction does not always equate to change in bacterial growthJutras et al., 2021).

2.3.5 AHA2-mediated alkalinization is detrimental to AgroLux and

induces plant defence
AHA2 mutant a ects AgroLux

NbRALF1 aects plant defence in a variety of ways (Zhang et al, 2020). We used
site-directed mutagenesis of AHA2 to test if the response of AgroLux toNbRALF1

was pH-dependent. AHA2 was mutated at two phosphorylation sites in the C-terminal
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Figure 2.10: NbRALF1 and AtPSY1 expression do not a ect growth of A. tumefaciens in planta.
Four-week-old N. benthamiana plants were agroin ltrated with AgroLux and for expression for the
following treatments: EV (EV, EV); RALF1 ( NbRALF1, EV) and PSY1 (At PSY1, At PSY1-R). At
5dpi, bacterial growth was measured by colony count. No signi cant di erence in growth was found.
Six biological replicates for each treatment were measured for which mean and standard error of
mean are indicated. Data was analysed using ANOVA with a Dunnett's Multiple Comparison test.
ns non-signi cant. Similar results were obtained in one more experimental replicate.

extension because their involvement in regulation of AHA2 have been described~élhof
et al., 2016). The threonine 881 residue was substituted into aspartate and valine and the
serine 899 residue was substituted into aspartate and alanine (Figure 2.1). Four-week-oh.
benthamianawere agroin Itrated with AgroLux and expression cassettes for each mutant.
Agroin Itrated leaves expressing these four AHA2 mutants and EV were then analysed by
measuring the bioluminescence of AgroLux. Leaves expressing AHA2-T881, AHA2-S899D
and AHA2-T881V did not show signi cantly di erent AgroLux bioluminescence compared

to EV (Figure 2.12A). By contrast, leaves expressing AHA2-S899A had signi cantly

reduced bioluminescence in comparison to the EV control (Figure 2.12).

AHA2 Mutant AHA2-S899A causes alkalinization of the apoplast

To determine the e ect of AHA2-S899A on apoplastic pH, EV, AHA2-S899A and AHA2

WT were transiently expressed in four-week-oldN. benthamiana with and without secreted
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Figure 2.11: NbRALF1 and AtPSY1l expression aect accumulation of PR proteins

and the total soluble protein prole. (A) PR2 is induced upon Nb RALF1
agroin ltration. (B) PR3 is induced upon Nb RALF1 and reduced upon At PSY1
agroin ltration. (C) RuBisCO accumulates less in Nb RALF1 and more At PSY1
agroin Itrated leaves. Four-week-old N. benthamiana plants were agroin Itrated with AgroLux

and for expression for the following treatments: EV (EV, EV); RALF1 ( NbRALF1, EV) and PSY1
(AtPSY1, At PSY1-R). Leaf discs were taken at 5dpi and total soluble protein extracted. Proteins
were separated on a 12% SDS-PAGE gel and detected by western blot usingPR2 (A) and -PR3
(B) . Coomassie-stained gels (C) show the di erence in quantity of RuBisCO large sub-unit upon
transient expression. All lanes represent samples from four biological replicates in one experiment
pooled together. Similar results were obtained in two more experimental replicates.

GFP pHIluorin. We extracted apoplastic uid for pHrodo —Red Dextran analysis from
tissue agroin ltrated without secreted GFP pHluorin (see Table 7.21). In the presence of
GFP pHluorin, leaf discs expressing AHA2-S899A and AHA2 WT displayed an increased

ratio in the peaks of GFP pHluorin uorescence at excitation wavelengths 400 and 480nm
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