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ABSTRACT
Low protein product titers have thus far limited the application of Agrobacterium
tumefaciens for the transient expression of heterologous proteins in plant cell suspensions and
hairy root cultures. The overall objectives of this work were to overcome this limitation by: (1)
increasing protein product titers in cell suspensions and hairy root cultures by harnessing A.
tumefaciens to efficiently deliver replicating RNA viral vectors, and (2) identifying the physical
and physiological factors important for reproducible, high-level transient expression in cell
suspensions.
Replicating vectors derived from Potato virus X (PVX) and Tobacco rattle virus (TRV)
were modified to contain the reporter gene beta-glucuronidase (GUS) with a plant intron to
prevent bacterial expression. In cell suspensions, a minimal PVX construct retaining only the
viral RNA polymerase gene yielded 6.6-fold more GUS than an analogous full-genome PVX
vector. Co-delivery of the minimal PVX vector with p19 of Tomato bushy stunt virus and HC-Pro
of Tobacco etch virus increased transient GUS expression by 40-80%. In hairy roots, a vector
derived from TRV that was capable of systemic movement increased GUS accumulation by 150fold relative to the analogous PVX vector.
A modified TRV-based vector and a transgenic host with integrated suppression of posttranscriptional gene silencing were investigated as strategies to further increase transient
expression in hairy roots. A TRV vector was modified to retain the viral helper protein 2b, which
is required for nematode transmission. In N. benthamiana hairy roots, the modified TRV vector
resulted in GUS expression levels comparable to the control vector without the 2b gene. In
contrast, Nicotiana tabacum cv. Xanthi hairy roots transgenic for HC-Pro yielded 5-fold more
GUS from the modified TRV vector than control roots.
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Prior to the development of the TRV vectors, a study was conducted to determine if
movement-deficient PVX vectors could be complemented in trans by the Tobacco mosaic virus
30K movement protein (MP). Unexpectedly, transient co-delivery of TMV MP with the minimal
PVX vector resulted in reduced transient GUS expression in cell suspensions and hairy roots of
N. benthamiana.
Improved productivity in plant cell suspensions was achieved by manipulating the host,
co-culture environment, and non-replicating expression vectors to produce conditions more
favorable for Agrobacterium-mediated transient GUS expression. Modification of the N.
glutinosa cell suspension host by transformation with Agrobacterium rhizogenes did not have a
significant effect on average transient GUS expression across multiple independent cell lines. In
N. benthamiana, doubling the concentration of potassium phosphate resulted in a 5-fold increase
in transient GUS expression. Removal of the plant selectable marker cassette from a nonreplicating vector with a constitutive promoter decreased the T-DNA size by one-third and
increased transient GUS expression by almost 50%.
This work established the feasibility of utilizing Agrobacterium-mediated delivery of
replicating RNA viral vectors for amplified heterologous protein expression in plant tissue
cultures. A TRV vector capable of systemic movement represents the first and only vector to
achieve transient GUS expression levels in hairy roots comparable to those observed in plant cell
suspensions. Considering the inconsistent absolute transient expression levels intrinsic to plant
cell suspensions, hairy root cultures may be a preferable host for reproducible transient protein
expression. The advantages and limitations of this approach are discussed in the context of
engineering a safe, cost-effective, and scalable protein production platform.
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Chapter 1
Introduction

1.1 Summary
Yeast, plants, insects and mammals represent eukaryotic hosts of increasing capability for
producing complex heterologous proteins. Intermediate platforms, such as plants and insect cells,
bridge the gap between the vastly disparate microbial and mammalian production systems.
Proteins that can be produced in these hosts range from simple antigens suitable for use as subunit
vaccines to complex recombinant human glycoproteins, such as monoclonal antibodies.
Traditionally, the production of complex human therapeutics was restricted to mammalian cells.
Recently, yeast, plants and insects have been genetically engineered to execute post-translational
modifications that are as „human-like‟ as those carried out in mammalian hosts.
Protein expression in plants is relatively low-cost, safe and scalable and offers many of
the necessary post-translational modifications. Plant-based heterologous protein expression can
be broadly classified into two categories: ex vitro and in vitro systems. Ex vitro terrestrial plants
have been used to express proteins on an agronomic-scale in the field or on smaller scales in
containment greenhouses and environmental chambers. In vitro plants that can be scaled up in
bioreactors include unicellular microalgae as well as „higher‟ aquatic plants such as duckweed
and moss. Derivatives of terrestrial species are also sometimes cultured in vitro as plant tissue
cultures such as dedifferentiated plant cell suspensions and hairy roots.
Heterologous proteins can be expressed by genetically-engineered „transgenic‟ plants or
by genetically-unmodified plants by transiently introducing foreign DNA. Both in vitro and ex
vitro transgenic plants have been developed and utilized for commercial-scale production of
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heterologous proteins. Both systems have also been used to demonstrate scalable and rapid
protein expression by transient expression methods. Companies are now capitalizing on the
reliability and containment of transgenic in vitro-cultured plants as well as the speed and
flexibility of transient expression in ex vitro plants to produce valuable products at a commercial
scale.
Until recently, protein product titers limited the economic feasibility of transient
expression in plants. Novel plant virus-based technologies have increased product titers in ex
vitro plants to exceed those possible with transgenics. Deconstructed plant viruses have been
engineered to express complex proteins at high titers in several species by amplifying the gene of
interest at the level of DNA or RNA. The application of these vectors to plant tissues cultured in
vitro is also being investigated as a means to combine the advantages inherent to contained
bioreactor systems with the high expression levels possible with viral vectors.

1.2 Heterologous protein expression in eukaryotic hosts
Proteins are macromolecules characterized by unparalleled diversity and specificity.
They play essential roles in nearly every cellular process; enzymes catalyze important
biochemical reactions and proteins serve functions related to structure, cell signaling, and
immune response. Despite their ubiquity and importance to biological processes, until recently
they were rarely used in medicine. Since the production of recombinant human insulin 25 years
ago, more than 130 protein therapeutics have been FDA-approved for treating a wide range of
human diseases including enzymes and hormones for replacement therapies, cytokines for
autoimmune diseases and hepatitis, antigens for subunit vaccines, and antitumor antibodies for
cancer (Leader, et al., 2008).
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Therapeutic proteins can be produced in a variety of organisms using recombinant DNA
technology (Leader, et al., 2008). For correct folding, assembly, and biological activity, many
therapeutic proteins require expression in eukaryotic hosts such as yeast, insect cells, mammalian
cells, transgenic animals and plants (Table 1-1). The choice of production platform is dictated by
factors such as cost, safety and scalability of the host as well as the post-translational
modifications required for biological activity of the protein of interest. Post-translational
modifications (PTMs) include disulfide bond formation, phosphorylation, proteolytic cleaveage
and glycosylation (discussed in Section 1.2.1). Generally, PTMs are not properly performed by
prokaryotic hosts such as E. coli.
Table 1-1. Comparison of selected eukaryotic hosts for expression of human
therapeutic proteins.
Host

Cost

Safety

Scale-up

cGMP

PTM

Mammalian cells

○

◒

○

●

●

Transgenic animals

◒

◒

●

○

●

Insect cells

◒

●

◒

●

◒

Yeast

●

●

●

●

○

Plants (in vitro)

●

●

●

●

◒

Relative ranking system: poor (○); intermediate (◒); good (●). PTM, posttranslational modification; cGMP, current Good Manufacturing Practice.
Yeasts are eukaryotic microbial production systems capable of many post-translational
modifications. They combine ease of genetic manipulation with rapid and simple culture on
inexpensive media to high cell densities (Gellissen, 2000). A robust and shear-resistant rigid cell
wall enables yeast culture in bioreactors at volumes as large as 100,000L. These features of yeast
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make it a preferred expression platform for much of the research community and industry for the
production of non-glycosylated proteins (Jacobs and Callewaert, 2009).
While a wide range of proteins can be properly expressed in eukaryotic hosts, the
production of human therapeutics demands the highest levels of safety and quality, and in return
promises the highest returns on investment. Despite their status as the workhorse of the
pharmaceutical industry, mammalian cells such as Chinese hamster ovary (CHO) cells, are
expensive to culture and slow-growing. CHO cells can harbor potentially dangerous human
pathogens, including viruses and prions (Jacobs and Callewaert, 2009). In June 2009 Genzyme‟s
production of the enzyme replacement therapy drug, Cerezyme, was interrupted due to infection
of their CHO cell line with a calcivirus introduced through a nutrient used in the manufacturing
process (goo.gl/EeIMB). This contamination resulted in a prolonged disruption of the sole supply of
this orphan drug and highlighted the need for safer and more diversified production platforms for
life-saving protein therapeutics. Newer alternative mammalian production platforms such as
transgenic rabbits, chickens and cows raise both ethical and safety concerns because they too can
harbor human pathogens, and some species can potentially transmit prion diseases (Houdebine,
2009). Finally, the in vivo toxicity of some recombinant proteins such as human hormones and
hormone receptors makes expression in closely related mammals impractical (Zhang, 1999).
Insect cells constitute a low-cost and safe alternative to mammalian systems as they do
not harbor human pathogens (Jacobs and Callewaert, 2009). Like yeast, insect cells can be
cultured in chemically defined media free of animal-derivatives such as fetal bovine serum that
can compromise compliance with current good manufacturing practice (cGMP) and product
purification from the media (Usami, et al., 2011). While stable insect cell-based expression
systems have been developed, they typically yield lower titers than the preferred method of
transfecting cell lines such as the commonly used Spodoptera frugiperda (Sf9) with the
baculovirus expression vector system (BEVS) (McCarroll, 1997). Economic bioreactor scale-up
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of this transient protein expression systems in insect cell suspensions is limited to volumes of a
few hundred liters for several practical reasons: large quantities of stable BEVS are required to
achieve the target multiplicity of infection (BEVS must be serial passaged in insect cells), and
the common practice of adding protease inhibitors to cultures of baculovirus-infected cells to
protect the protein of interest from proteolytic activity (Cecchini, et al., 2011; Negrete, et al.,
2007; Pijlman, et al., 2006; Ikonomou, et al., 2003).
Like the insect cells, in vitro-cultured plant tissues offer a robust and safe platform, but
without similar limitations in scale-up (Schmidt, 2004; Altmann, et al., 1999). Numerous
recombinant proteins have been expressed in stably-transformed plant cell suspension cultures at
the laboratory scale (Xu, et al., 2011). At the industrial scale, cultivation of three different species
of plant cell suspensions has been reported in bioreactors up to 75,000L in volume (Ritterhaus, et
al., 1990).

1.2.1 Post-translational modifications
Glycosylation is the most common post-translational modification (PTM); more than half
of all human proteins and one-third of all approved biopharmaceuticals are glycosylated. In most
glycoproteins, an oligosaccharide side chain is covalently linked to the amide nitrogen of an
asparagine residue within a specific amino acid sequence in a process termed N-glycosylation.
The presence and composition of N-glycans is known to determine the biological activity, plasma
half-life, immunogenicity and tissue targeting properties of glycoproteins (Saint-Jore-Dupas, et
al., 2007).
Yeast, insect, plant, and mammalian hosts are all capable of N-glycosylation. Recent
progress in the glyco-engineering, or „humanization‟, of plants for the production of recombinant
human glycoproteins is described below. Analogous humanized insect cell lines (Sf9) and yeast
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(Pichia pastoris) have also been engineered for recombinant glycoprotein production (Hamilton,
et al., 2006; Jarvis, 2003).
N-glycosylation starts in the ER where the processing reactions are highly conserved in
eukaryotes, whereas downstream reactions in the Golgi complex are species- and cell typespecific and typically yield a mixture of glycoforms (Jacobs and Callewaert, 2009). In plants,
glycosyltransferases in the golgi complex add the potentially immunogenic (non-human)
carbohydrates xylose and α1,3-fucose. Moreover, plants lack the biosynthetic pathway required to
add the terminal galactose and sialic acid residues that are specific to mammalian proteins. These
relatively small, but critical differences in N-glycosylation between plants and animals in large
part explain why mammalian cell lines have long been the preferred host for commercial
therapeutic protein production. Notably, mammalian cell lines, including Chinese hamster ovary
(CHO) cells, cannot perfectly reproduce human glycosylation patterns. In fact, plants can produce
more uniform and homogenous N-glycans than mammalian cells (Castilho, et al., 2010).
Advances in the humanization of plant N-glycosylation in model species are increasing
the value of plant-based systems for the production of heterologous glycoproteins. The enzymes
that add potentially immunogenic, plant-specific xylose and fucose glycans have been silenced by
RNA interference (RNAi) in transgenic lines of duckweed (Lemna minor) (Cox, et al., 2006) and
N. benthamiana (Strasser, et al., 2008), and knocked out by homologous recombination in the
moss, P. patens (Koprivova, et al., 2004). In N. benthamiana, in planta protein sialylation of a
monoclonal antibody was demonstrated in RNAi mutants lacking plant-specific glycans. This was
accomplished by transient co-expression of the entire respective mammalian sialylation pathway
comprising a total of six enzymes (Castilho, et al., 2010). Another group recently demonstrated
the production of complex multi-antennary N-glycans which are frequently found on human Nglycans, but are not generated by wild type plants. The required enzymes were expressed using
both stable and transient methods in N. benthamiana plants already free of plant-specific glycans
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(Nagels, et al., 2011). N. tabacum BY-2 cells were also recently demonstrated to produce
glycoproteins with human-compatible N-glycans. Two of the six enzymes in the mammalian
sialylation pathway were introduced into stably-transformed BY-2 suspension-cultures (Kajiura,
et al., 2011). The creation of transgenic humanized plants as hosts for the production of
terminally-sialylated therapeutic glycoproteins has not yet been reported as is the case for glycoengineered yeast and insect cells (Hamilton, et al., 2006; Jarvis, 2003).
The efficacy and safety of plant-derived therapeutics for intravenous administration is not
well established. Until quite recently clinical study of these products was limited to recombinant
vaccines delivered orally (Richter, et al., 2000; Tacket, et al., 2000; Ma, et al., 2005) or antibody
derivatives known to be free of N-glycosylation sites (McCormick, et al., 2008). However, in
some cases plant-specific glycosylation patterns have proven to be advantageous for therapeutic
protein expression. For example, CHO cells cannot produce recombinant proteins with complex
glycans terminating in mannose residues, an essential feature for the biological activity of some
human enzymes such as glucocerebrosidase (GCD). When recombinant GCD is produced in
CHO cells for enzyme replacement therapy, a subsequent in vitro enzymatic modification is
required to expose terminal mannose residues. Plant cells natively produce such proteins when
targeted to storage vacuoles with a C-terminal signal peptide (Shaaltiel, et al., 2007). Currently,
Protalix is capitalizing on this capability of plants to produce recombinant human GCD in carrot
cell suspensions (Table 1-2).

1.3 Expression of human proteins in plants
Field-grown transgenic plants can be a cost-effective and scalable recombinant protein
expression platform. The production of human biopharmaceuticals in field-grown transgenics has
been thoroughly reviewed recently (Karg and Kallio, 2009; Sourrouille, et al., 2009). Hence, this
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chapter will instead focus on the production of high-value therapeutics from transientlytransformed ex vitro plants and transgenic in vitro plants.
The baculovirus expression vector system (BEVS) has been engineered for rapid protein
expression in insect and, more recently, mammalian cells (Chen, et al., 2011). The analogous
plant virus-based expression systems have been developed in just the last 6 years (Table 1-4).
Unlike the scalable BEVS developed for insect and mammalian cells, rapid production of proteins
in plants by viral vectors is almost exclusively limited to ex vitro systems. Only one group has
demonstrated virus-amplified transient expression of heterologous proteins in plant tissues
cultured in vitro such as plant cell suspensions and hairy roots (Collens, et al., 2007). The benefits
of contained production systems that apply to this technology are the same as those discussed
below in the context of commercial in vitro production systems which rely mainly on the culture
of transgenic plant species in bioreactors.

1.3.1 Commercial enterprises
Heterologous proteins can be produced rapidly and economically at the commercial scale
using a combination of viral vectors and plants. Currently, commercial enterprises are harnessing
ex vitro plant-based systems for producing a diverse range of protein products including subunit
vaccines that can also be expressed in scalable and cost-effective microbial fermentations
(Shaaltiel, et al., 2007; Mett, et al., 2008). This application capitalizes on the scalability and speed
possible with ex vitro plant-based production. These attributes can be invaluable for responding to
outbreaks of pandemic influenza, bioterrorism threats, or producing individualized cancer
vaccines, where short lead-times are required (McCormick, et al., 2008; Shoji, et al., 2009;
Golovkin, et al., 2007).
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The use of ex vitro plants for producing vaccine antigens including self-assembling viruslike particles is an area of intense commercial and academic interest. As of 2008 six plant-derived
antigens and antibodies for passive immunization in humans had reached clinical trials (Yusibov
and Rabindran, 2008). In just the last five years, over 250 articles (an average of one per week)
containing the keywords “plant” and “vaccine” have been indexed by PubMed. However, plants
face competition from fast-growing alternative hosts including insect cells, bacteria, yeast, and
chloroplast-transformed microalgae, which are also suitable for rapid subunit vaccine requiring
few or no post-translational modifications (Treanor, et al., 2007; Song, et al., 2009; Ardiani, et al.,
2010; Dreesen, et al., 2010). The primary purported advantage of ex vitro plants for the
production of vaccines is easier scale-up at reduced cost relative to traditional microbial
fermentation systems in bioreactors (Huang, et al., 2009b). However, production costs constitute
only a small fraction of the total cost of producing a purified vaccine so any economic advantage
of plants is expected to be marginal (Rybicki, 2010).
Another advantage of plant-based vaccine production is flexibility in terms of antigen
production. For instance, expression can be localized to fruits, tubers or seeds for edible vaccines.
Despite technical feasibility, the commercial viability of this approach for delivering human
vaccines is now in question for numerous practical reasons (Rybicki, 2010). These include quality
control issues for on-site vaccine production, the expense of product processing and formulation,
as well as the recognition that the orders of magnitude more protein is required for oral intake of
vaccines. Several oral vaccine candidates that entered clinical trials have not advanced further in
the past five years due to impracticality, insufficient funding, or lack of commercial interest. The
challenges of guiding novel plant-based oral vaccines through the regulatory process currently
outweigh available resources (Daniell, et al., 2009). Even if these practical and financial hurdles
can be overcome, terrestrial plant-based oral vaccines must compete with other generally
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regarded as safe (GRAS) hosts such as Saccharomyces cerevisiae and Chlamydomonas
reinhardtii (Dreesen, et al., 2010; Bucarey, et al., 2009).
Currently several organizations have developed virus-based transient gene expression
technologies for greenhouse-scale leaf infiltrations of Nicotiana spp. to produce heterologous
proteins (Table 1-2). Despite the lack of clear advantages for plant-based expression of subunit
vaccines relative to simpler, better characterized hosts, both Kentucky Bioprocessing, LLC and
Fraunhofer USA CMB received multimillion dollar awards from the Defense Advanced Research
Projects Agency (DARPA) in 2010 to develop non-food crops grown in containment greenhouses
for scalable and rapid production of purified injectable recombinant protein vaccines for
pandemic diseases including H1N1 influenza virus.
Large Scale Biology Corporation (LSBC) pioneered this approach with the development
of their GENEWARE technology for utilizing recombinant Tobacco mosaic virus (TMV) for the
transient production of idiotype (patient-specific) non-Hodgkin lymphoma tumor-derived epitope
vaccines (McCormick, et al., 2008). LSBC submitted data to the USDA documenting the
environmentally contained and safe multi-acre release of recombinant viral expression vectors.
Through nine separate field trials conducted in three different states, LSBC demonstrated the
controlled outdoor release of USDA-approved recombinant TMV and Tobacco etch virus (TEV)
vectors containing non-human transgenes spray-inoculated across acres of plants (Pogue, et al.,
2002). However, in 2006 LSBC filed for bankruptcy and a new company called Kentucky
Bioprocessing purchased LSBC‟s processing facilities while retaining some key LSBC personnel
and the GENEWARE technology.
Bayer Innovation, a medical device-maker, expanded into the business of plant-made
pharmaceuticals in 2006 with its acquisition of Icon Genetics and its associated magnICON
technology for the production of proteins in plants. Unlike the original GENEWARE technology,
magnICON relies on Agrobacterium-mediated delivery of TMV cDNA rather than infectious
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TMV transcripts. As of early 2010 Bayer Innovation had revived LSBC‟s concept for
personalized vaccines and initiated its own phase I clinical trials for plant-produced idiotype
vaccines for treating non-Hodgkin‟s lymphoma. Using its magICON vectors, as little as 5 kg of
N. benthamiana biomass was reported to be sufficient to produce a lifetime supply of singlepatient vaccines (Rybicki, 2010). One notable exception to the approach described above is
Medicago, which utilizes a plant-based plastocyanin promoter for its transient expression
platform, rather than a replicating viral vector (Vezina, et al., 2009). The Canadian company is
moving forward with phase I clinical trials of its seasonal influenza VLP-based vaccine produced
transiently in N. benthamiana (http://goo.gl/EhysS).
In spite of relatively low product titers (Huang and McDonald, 2009), several companies
are harnessing the advantages inherent to in vitro plant production systems to produce
recombinant human proteins at the commercial scale. Surprisingly, one of the first companies
likely to profit from the production of a human therapeutic protein in plants is an Israeli start-up
called Protalix. In late 2009 phase III clinical studies were completed on Protalix‟s flagship
product for treating Gaucher‟s disease and the FDA granted it designation as an orphan drug with
Fast Track status to expedite the review process for its New Drug Application. At the same time
the world‟s largest pharmaceutical company, Pfizer acquired exclusive worldwide licensing rights
for commercialization of glucocerebrosidase (GCD) in a $100 million transaction (goo.gl/j33BT).
GCD is an enzyme replacement therapy derived from a proprietary genetically engineered carrot
cell-based expression platform, designed to compete with Genzyme‟s Cerezyme produced in
CHO cells.
Plant cell suspensions are an attractive platform for the production of these existing
therapeutic proteins (biosimilars). In contrast to generic small molecule drugs which can be
completely defined by their atomic structure, recombinant proteins are defined by their
manufacturing process and biosimilars are not assumed to be identical in efficacy or safety
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relative to their parent molecule (Roger and Goldsmith, 2008). This perspective of the US FDA
partially insulates the current production market from the threat of competition.
Since many recombinant proteins are available for use in the public domain and the cell
lines and details of manufacturing processes treated as fiercely guarded industrial trade secrets,
patent expiration is not likely to play as important of a role for biosimilars as it does for
traditional generics. Instead, innovation and cost-reduction will likely be the driving forces for the
production of biosimilars in plants. Protalix is paving the way in the area of plant-made generic
therapeutic proteins by leveraging their intellectual property and cost competitiveness to penetrate
markets protected by method-based patents. Several other companies using genetically
engineered in vitro plants also have recombinant therapeutics in clinical development (Table 1-2).

Table 1-2. Commercial enterprises producing proteins for human use from greenhouse-grown
plants or in vitro plant systems. Information compiled from company websites.
Company

Host species

Products

Bayer Innovation GmbH

N. benthamianaT

cancer vaccines, antibodies

Biolex Therapeutics

duckweed (L. minor)

α-interferon, plasmin, antibodies

Fraunhofer USA CMB / iBio, Inc.

N. benthamianaT

vaccines, industrial enzymes

Greenovation

moss (P. patens)

Antibodies

Kentucky Bioprocessing LLC

tobaccoT

vaccines, aprotinin, antibodies
T

Medicago, Inc.

N. benthamiana , alfalfa

vaccines, antibodies

Protalix Biotherapeutics

carrot cell suspensions

enzymes, biodefense, autoimmune

Bolded products are disclosed to be enrolled in, or have completed clinical trials. The superscript T
indicates hosts which are utilized for large-scale transient protein expression with viral vectors.

In 2006 Dow AgroSciences received approval from the USDA for the production of a
veterinary vaccine in tobacco cells to protect poultry against Newcastle disease. Veterinary
therapeutics and diagnostic proteins have much less stringent product quality requirements. In
many cases they serve as a proof of principle for a production system, which may have the
potential to express even higher value products in the future.
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1.3.2 Economics, scalability and containment
Agriculture allows the production of plant biomass to be scaled in a capital-efficient
manner, offering both flexibility and cost savings that cannot be easily matched by competing
technologies (Pogue, et al., 2010). This low cost biomass is the driving force for the commercial
development of heterologous protein expression in field- and greenhouse-grown plants and
provides a competitive edge in terms of unit production costs over transgenic animals and
mammalian cell culture.
Plants are especially attractive for the production of human therapeutics when combined
with viral vectors for high-level protein expression. Researchers at Icon Genetics and Genzyme
have estimated raw product costs of $1 per gram protein for transient expression in plants and $220 per gram protein for transgenic goat milk, respectively (Table 1-3). Similarly, the required
product price to consider plant tissue culture production economical has been estimated to be in
the range $1-5 per gram (Hsiao, et al., 1999). Likewise, on the basis of raw material costs alone,
raw protein from plant cell suspensions can be produced at approximately $0.58 per gram,
conservatively assuming a media cost of $1/L, a yield of 0.6 gram DW/gram sucrose and biomass
with a 12% protein content. Consequently, at comparable expression levels, non-secreted
recombinant proteins from plant tissue culture can be cost-competitive with those produced from
intact plants and transgenic animals. Compared to mammalian cell culture, plant tissue culture is
expected to be more cost effective due to less expensive raw materials and culture at higher
biomass densities with similar production cycle times (Singh and Curtis, 1994). Higher specific
productivity translates to less reactor capacity required at any given product expression level.
Large capital investments such as bioreactors have been identified as an important target
for cost reduction for the production of biochemicals including secondary metabolites in plant
tissue culture (Hsiao, et al., 1999). Elimination of the need for expensive autoclave construction
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can substantially reduce production costs by reducing the initial capital investment. Moreover,
plant tissue cultures such as hairy roots and plant cell suspensions are amenable to production in
low capital-cost plastic bag bioreactors with minimal instrumentation or on-line control of
temperature, pH, or dissolved oxygen. Low-cost production of plant tissue culture has been
demonstrated in bioreactors up to the 100-L scale with performance comparable to traditional cell
culture bioreactors (Curtis, 2004; Curtis, 2001). Along these lines, Protalix is using proprietary
deposable plastic bags supported by an open wire mesh to minimize capital costs associated with
bioreactor production of recombinant therapeutics in carrot cells (Weathers, et al., 2010). In
contrast, analogous commercial plastic bioreactors developed for the mammalian cell culture
industry offer increased convenience and cGMP-compliance while sacrificing cost-effectiveness
and scalability.
While the specific cost analysis for producing purified heterologous protein in plant
tissue culture is not available, the downstream processing costs are expected to be similar for nonsecreted proteins of plant and animal origin (Daniell, et al., 2001). The unit production cost of
purified recombinant protein from ex vitro plants is predicted to be approximately 20-50% of that
for mammalian platforms (Table 1-3).
Therapeutic products intended for administration by injection require final protein purity
in the range of 95-98% (Evangelista, et al., 1998). On the other hand, bulk industrial enzymes are
subject to less stringent purification procedures. These relaxed requirements are reflected in the
80% lower unit production cost for a partially purified (83%) recombinant enzyme produced in
the seed of transgenic corn relative to that of purified recombinant antibody expressed at a similar
yield in transgenic plants. The dramatic cost increase associated with a purified protein reflects
the huge expense associated with protein extraction and purification. Up to 94% of the annual
operating cost for producing recombinant GUS in corn seed was associated with downstream
processing (Evangelista, et al., 1998). Moreover, the unit production costs of a recombinant
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protein inversely correlate with the expression level per unit biomass. For example, for the
production of a recombinant protein in transgenic corn seed, increasing the expression level by
five-fold resulted in a 75% reduction in unit production cost (Evangelista, et al., 1998).
Notwithstanding the high expression levels possible with viral vectors in plants, unit production
costs are expected to be approximately $50 per purified gram of protein. To put these costs in
perspective, recombinant antithrombin III used to treat a human enzyme deficiency sells for
$2000 to $6000 per gram (Young, et al., 1997).
Interestingly, the unit production costs for purified recombinant protein are expected to
be similar for both field- and greenhouse-grown plants (Table 1-3). From this cost comparison it
can be concluded that the higher capital costs associated with cultivation of plants in a
greenhouse may be offset by the higher productivities on the bases of per unit biomass (product
titer) and per unit area (more production cycles). Kentucky bioprocessing has published a report
comparing the production of recombinant bovine aprotinin in field- and greenhouse-grown plants
infected with a TMV expression vector (Pogue, et al., 2010). Production in greenhouse-grown
Nicotiana plants was associated with a five-fold increase in the cost of plant agronomic practice
relative to open fields. However, this higher cost of production was partially offset by a 2.5-fold
increase in the yield of purified protein produced per unit biomass. Greenhouse culture also
resulted in more efficient utilization of space since multiple batches of plants could be grown year
round. In fact, up to 10-fold more biomass was produced annually in a greenhouse as compared to
the field on a per unit area basis, which translated to 110 metric tons of plant tissue (FW) per
hectare of greenhouse per year.
None of the companies listed in Table 1-2 are taking full advantage of the large-scale
economics possible with commercial agriculture as in the concept originally envisioned by Large
Scale Biology. Instead, greenhouses are used to cultivate plants under more controlled conditions
with predictable, year-round production and increased gene containment. This increased
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productivity and containment come with a large price tag, however. Significant capital investment
is required for the construction of containment greenhouses; operating costs for temperature and
humidity control and supplemental lighting must also be accounted for. Additionally, the process
of transiently expressing proteins using the preferred method for large-scale gene delivery is itself
cumbersome and capital-intensive. The introduction of recombinant Agrobacterium containing
the expression vectors to the aerial parts of plants (agroinfection) requires large-scale vacuum
infiltration of whole plants (Pogue, et al., 2010; Gleba, et al., 2007). In this process, plants are
seeded in trays with a special lid that permits growth while retaining the soil and root
components. Following several weeks of plant growth, trays are loaded onto conveyors in
batches, inverted 180 degrees and then transferred to a giant vacuum chamber. Here they are
submerged in large suspensions of bioreactor-grown recombinant Agrobacterium and vacuum is
applied and released. Infiltrated plants must then be removed, rotated to the upright position, and
transferred back to the greenhouses for growth and product accumulation. Thus, in addition to the
containment greenhouses required for cultivating the plant biomass, capital investment is also
required for the fermentation vessels used for growing the Agrobacteria cultures as well as the
stainless steel pressure vessels employed for large-scale vacuum-infiltration of the plants.
Ironically, the latter components are usually attributed to the „expensive‟ cultivation of in vitro
plant tissue cultures, which in fact do not even require a pressure-rated stainless steel vessel, as
discussed above.
Liquid-phase culture in bioreactors also has the advantage of scaling by volume rather than
area as is the case for green-house grown plants. In addition, the containment and rigorously
controlled cultivation conditions of in vitro plants and plant tissue culture may be more amenable
to reliable commercial production of human therapeutics (Miele, 1997). Plant tissues cultured in
vitro are easily harvested and represent excellent starting materials for downstream processing
because they form fewer byproducts such as fibers, oils, waxes and phenolics that can increase
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the cost of recovery of heterologous proteins from intact plants (Shih and Doran, 2009a).
Downstream processing of liquid cultures is more easily scaled up since it only involves fluid
handling and not the harvest and manipulation of whole plants. Both Greenovation and Biolex
take advantage of liquid phase culture systems to harvest secreted proteins from the culture
medium. This approach may significantly simplify downstream processing by reducing
purification capital costs and process complexity. There is also no risk of contamination with
mycotoxins, herbicides or pesticides for tissue-cultured plants and plant tissues. These intrinsic
advantages combined with the ease with which secreted proteins can be isolated and purified
from the culture medium make it simpler to apply existing good manufacturing practices (GMP)
to these in vitro processes (Hellwig, et al., 2004).
Thus, for in vitro production, advantages in meeting the demands of regulatory compliance
may help offset the higher capital costs associated with cultivation in bioreactors, which can also
be minimized by utilizing low cost alternatives. Moreover, plant cell suspension culture on the
scale of tens of thousands of liters has already been established as an economical and reliable
technology for the production of secondary metabolites with medicinal value such as the
chemotherapeutic drug paclitaxel (Smith, 1995). Lastly, plant tissue cultures offer the flexibility
of operating in batch or continuous modes of production, whereas production with intact plants
must always be done in batches.
Greenovation cultivates moss photoautotrophically in several cGMP-compliant systems
ranging in volume from 5L stirred tanks to 100L tubular photobioreactors to 600L WAVE reactors
(GE Healthcare). The use of a photoautotrophic culture is a double-edged sword; removing the
carbon source from the media reduces feedstock costs and media complexity while at the same
time limits bioreactor design and scale-up to those amenable to good light penetration. The added
expense of powering any artificial lighting must also be taken into account in any economic
analysis of the process.
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Plants grown in the open field or behind the glass of a containment greenhouse, offer
only a superficial level of gene containment. Unlike plant tissues cultured in fully contained
bioreactors, greenhouses provide only limited protection of native plant populations from
contamination with recombinant bacteria or viruses, and offer little protection of the host plants
from contamination with endogenous organisms. It only takes a single failure of gene
containment to lead to the downfall of a protein production platform. Prodigene‟s failure to fully
contain their transgenic corn in the fields of Iowa may have led to their demise, while the
contamination of tacos with Aventis‟ StarLink corn crippled Monsanto‟s plans to produce human
proteins in transgenic corn seed (Curtis, 2006).

Table 1-3. Estimates of unit production costs for producing a purified recombinant protein from
different host organisms.
Corn seed
(transgenic)

Transgenic
plants

Nicotiana
(transient)

Goats’ milk

CHO cells

$ / g pure protein ($ / g raw)

10†

50

50 (1)

105 (2-20)

300

Capital cost ($MM) for ~100
kg purified protein / year

< 11

--

< 15

20

--

Product titer

1.3 g/kg FW
(0.6% TSP*)

0.5 g/kg FW

0.80 g/kg FW
(16% TSP)

8 g/L

1 g/L

Capacity required for 100 kg
purified protein / year

79 tons FW
(8.4 Ha**)

200 tons FW
(1.7 Ha)

125 tons FW
(1.25 Ha g.h.)

21,000 L
(35 goats)

1.7x106 L
(8,500 L
reactor)

(Evangelista, et
al., 1998)

(Daniell, et
al., 2001)

(Marillonnet, et
al., 2005;
Gleba, et al.,
2005)

(Young, et
al., 1997)

(Daniell, et al.,
2001; Young,
et al., 1997)

Reference(s)

†

for an industrial enzyme at 83% purity. *assuming moisture content of 15.5% and that 25% of the dry weight of the
seed consists of soluble protein. **assuming 150 bu/acre. TSP, total soluble protein.

Currently, most therapeutic proteins accumulate in transgenic plant cell cultures at levels
much lower than 1% of the total soluble protein (Huang and McDonald, 2009). However, the
combination of higher expression levels (comparable to titers already achieved with viral vectors
in intact plants) and low capital-cost bioreactors, would make plant tissue culture an economically
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competitive platform for the production of heterologous proteins. Using these technologies even
high-volume, lower-value proteins such as vaccines currently being targeted for production in
greenhouse-grown plants could also be economically produced in large-scale plant tissue cultures.
The remainder of this chapter will focus on the molecular aspects of transient protein
expression using viral vectors. Although much of this work has been done in the context of ex
vitro plants, the underlying approaches provide a valuable knowledge base from which the nextgeneration of analogous in vitro expression systems can be developed.

1.4 Viral vectors for transient protein expression in ex vitro plants
For stable protein expression, foreign DNA must be introduced into the nucleus (by gene
gun or Agrobacterium-mediated delivery, for example), and integrated into the host genome.
Once this is accomplished, singles cell „events‟ are selected for and proliferated. For
undifferentiated plant tissue cultures such as plant cell suspensions this process can take months
to generate a sufficient quantity of transformed cells to enable scale-up in bioreactors. If scale-up
in the field is desired, subsequent regeneration of ex vitro plants and breeding to achieve
homozygous lines can take years depending on the species.
In contrast, transient protein expression is accomplished by introducing the heterologous
gene to as many plant cells as possible without genetically modifying the host plant. Genes can be
delivered transiently using the plant pathogen Agrobacterium tumefaciens, plant viruses such as
Tobacco mosaic virus (TMV) or a combination of the two approaches. One of the most popular
approaches using A. tumefaciens to deliver a deconstructed RNA virus is described in Figure 1-1.
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Figure 1-1. Flow of genetic information from deconstructed RNA viral vectors for transient gene
expression in plants. (1) Infectious viral RNA is extracted and reverse-transcribed in vitro. The
viral cDNA is engineered to replace unneeded viral genes (such as the coat protein) with the gene
of interest and cloned into a plant expression cassette in a binary vector. (2) The binary vector is
transformed into Agrobacterium tumefaciens. (3) The bacteria create copies of the binary vector
each time they divide. (4) The leaves of a plant are pressure-infiltrated with a suspension of the
transformed A. tumefaciens using a needleless syringe (as shown) or by vacuum-infiltrating the
aerial parts of the inverted plant submerged in the suspension. Viral vectors containing the gene of
interest are delivered to the nucleus of individual plant cells where they are transcribed and
amplified by the viral RNA polymerase. Vectors enabled for cell-to-cell movement initiate
secondary infections in neighboring cells.

High-level transient protein expression requires gene amplification at three levels: (1)
replication of the vector containing the gene of interest in A. tumefaciens, (2) intercellular spread
of the vector out of primary-infected cells to neighboring cells, and (3) intracellular amplification
within infected cells by viral polymerases (Figure 1-2). While all transient protein expression
approaches require amplification at levels (1) and (3), not all vectors are able to move from cellto-cell.
For the sake of viral containment and increased transgene amplification, many plant
viruses used as expression vectors are modified to impair their ability to initiate long-distance
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(systemic) and cell-to-cell (local) infections by deleting or replacing viral genes. Examples of
deconstructed viruses modified for heterologous gene expression are listed in Table 1-4. All of
these vectors except the Potato virus X vector lack the viral coat protein and rely on efficient
delivery by A. tumefaciens. Moreover, all rely on a viral polymerase to amplify viral DNA or
RNA, except for the Cowpea mosaic virus vector, which is based on enhanced ribosome binding
and translation in the absence of viral replication. Several of the RNA viral vectors increased
reporter gene expression by more than an order of magnitude relative to non-replicating vectors
(Marillonnet, et al., 2005; Lindbo, 2007b; Giritch, et al., 2006).
The fast-maturing Australian species N. benthamiana is a model host for transient
expression for both Agrobacterium and virus-based expression systems due to its low alkaloid
content and susceptibility to agroinfiltration and many viruses (Voinnet, et al., 2003; McCormick,
et al., 1999; Conley, et al., 2011). Yet its relatively small biomass yield hinders its application for
large-scale production of recombinant proteins (Sheludko, et al., 2007). Alternative hosts can
provide high-level transient protein expression at much higher biomass yields per unit area and/or
faster growth rates. Tobacco relative N. excelsior and the legume P. sativum (speckled pea) have
biomass yields 5- and 7-fold higher than N. benthamiana while yielding comparable transient
GFP expression levels from replicating RNA viral vectors (Table 1-4). Similarly, although N.
tabacum (cv. Burley 49) took twice as long to reach maturity, it yielded 26 times more leaf
biomass than N. benthamiana (Conley, et al., 2011).
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Table 1-4. Selected examples of high-level transient expression of heterologous proteins from
deconstructed viral vectors in plants.
Virus

Tobacco mosaic

Vector(s)

Replication

Movement

Host

g/kgFW

Protein

Ref.

ΔCP

RNA

Cell-to-cell

N. benthamiana

1-5

GFP

[1-3]

ΔCP2

RNA

Cell-to-cell

N. tabacum

2.5

GFP

[4]

ΔCP+p19

RNA

Cell-to-cell

N. excelsior

1.5*

GFP

[5]

Cowpea mosaic

5‟UTR3+p19

none

none

N. benthamiana

1.6

GFP

[6]

Foxtail mosaic

ΔCPΔTGB+p19

RNA

none

N. benthamiana

1.6

GFP

[7]

1

Potato virus X

ΔMP

RNA

Systemic

N. benthamiana

2.0

GUS

[8]

Sunn hemp mosaic

ΔCP+p19

RNA

Cell-to-cell

N. benthamiana

0.60

GFP

[9]

ΔCP+p19

RNA

Cell-to-cell

P. sativum

0.42

GFP

[10]

ΔCP

RNA

Cell-to-cell

N. benthamiana

0.45

GFP

[11]

DNA

none

N. benthamiana

0.80

VLP

[12]

Cucumber mosaic
Bean yellow dwarf

4

ΔCPΔMP +p19

1

Transgenic complementation of deleted viral MP. 2Optimized for transcription and nuclear export.
Removed of two upstream AUG codons from RNA2 leader sequence. 4In trans delivery of viral
replicase construct. *average expression in this species reported as 63.5% TSP or 1.5±0.76 g/kg
(Yuriy Sheludko, personal communication). Delta (Δ) refers to deletion or replacement of viral
genes for coat protein (CP), movement protein (MP), or triple gene block (TGB); GFP, green
fluorescent protein; GUS, beta-glucuronidase; VLP, virus-like particle; p19, 19 kDa protein of a
tombusvirus provided in trans for suppression of post-transcriptional gene silencing. [1-3] (Lindbo,
2007b; Musiychuk, et al., 2007; Marillonnet, et al., 2004), [4] (Marillonnet, et al., 2005), [5]
(Sheludko, et al., 2007) [6] (Sainsbury and Lomonossoff, 2008), [7] (Liu and Kearney, 2010a), [8]
(Manske and Schiemann, 2005), [9] (Liu and Kearney, 2010b), [10] (Green, et al., 2009), [11]
(Fujiki, et al., 2008), [12] (Huang, et al., 2009b)
3

Comparing expression levels of reporter proteins provides a common basis by which to
evaluate these different viral vectors. A readily apparent trend is that reporter protein expression
levels are uniformly high independent of the viral vectors used and vary by less than an order of
magnitude. In fact, these expression levels are comparable to RuBisCo, the most abundantly
expressed protein in leaves. In uninfected mature N. benthamiana, up to 3 g RuBisCo can
accumulate per kg FW, constituting 30-50% of the leaf total soluble protein content (Parry, et al.,
2003). Thus, the important distinctions between these vectors are best captured by analyzing the
different approaches to handling issues related to viral gene deletion/replacement and posttranscriptional gene silencing.
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1.4.1 Viral gene replacement and deletion strategies
One route to achieving high-level transient expression of heterologous protein involves
engineering positive-sense plant RNA viruses such as Potato virus X (PVX) and Tobacco mosaic
virus (TMV). Plant RNA viral genomes are small and easy to manipulate. RNA plant viruses can
be reverse-transcribed to cDNA and engineered to contain the gene of interest as an insert to the
full viral genome (either as a free protein or a coat protein fusion) or as a replacement for a
nonessential viral gene, creating a deconstructed virus. Recombinant full-genome viruses are
suitable for direct viral infection while the cDNA of deconstructed RNA viruses must be
indirectly delivered to plants by A. tumefaciens. Alternatively, transgenic plants that complement
deleted viral genes may support infections of deconstructed viral vectors without the aid of A.
tumefaciens. All three approaches have been demonstrated for scalable heterologous protein
expression (Gleba, et al., 2007).
Vectors based on the full viral genome strategy are fully functional and contain the
coding sequence for the target protein in addition to all of the genes of the wild type virus. Direct
viral infection of these viral vectors can be initiated by mechanically wounding plant material
with infectious viral RNA transcripts transcribed and synthesized in vitro, or packaged viral
particles collected from the sap of a transcript-infected plant. Immediate translation of the viral
mRNA transcript in a small number of cells is followed by replication and local (cell-to-cell) as
well as systemic (long-distance) spread of recombinant virus in the host plant
Yields from recombinant full-genome viral vectors are often compromised by wild-type
reversion (Pogue, et al., 2002). Gene inserts much larger than approximately 1 kb are usually lost
by recombinant TMV viruses during systemic movement since they are not essential to virus
survival, resulting in an inverse relationship between insert size and yield. In fact, yields of a 1.5
kb gene expressed from TMV in Nicotiana spp. were half those obtained with transgenic plants
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(Kohl, et al., 2006). A similar negative correlation between insert size and virus stability has been
observed for recombinant PVX vectors (Avesani, et al., 2007). Insert instability can at least be
partially ameliorated by carefully designing hybrid viral vectors to minimize the frequency of
homologous recombination. For instance, divergent subgenomic promoters from a related virus
can be harnessed to drive transgene expression instead of duplicating a native one (Shivprasad, et
al., 1999). Using this strategy, TMV has been successfully used to express human genes up to 1.2
kb in size (Du, et al., 2008).
The issue of biological safety must be considered when viral vectors are used for
heterologous protein production. The inoculation of viral vectors in greenhouse- or ﬁeld-grown
plants results in large quantities of recombinant viruses distributed during the inoculation process
and in the residual plant material. The primary containment and safety considerations relate to the
risks to the environment where recombinant viruses could spread to weeds or nearby crops
(Pogue, et al., 2002). There are several approaches to engineering plant viral expression vectors
with inherent biosafety to minimize horizontal gene transfer. Undesirable virus-specific functions
such as the ability to infect host tissues or move systemically can be eliminated and then
complemented with a genetically engineered host plant, or delegated to A. tumefaciens.
Expression of heterologous proteins in N. benthamiana plants transgenic for viral movement
proteins has been demonstrated with movement-deficient mutants of Cucumber mosaic virus and
Potato virus X (Manske and Schiemann, 2005; Fukuzawa, et al., 2010). Deconstructed viral
vectors such as these lack essential viral movement genes and are unable to infect wild-type
plants. Alternatively, A. tumefaciens can mediate the delivery of deconstructed viruses to wildtype plants without the risk of releasing infectious recombinant virus particles into the
environment. Recombinant Agrobacterium present at the time of inoculation do not proliferate or
persist once infiltrated into plants in the way infectious packaged viral particles do. Furthermore,
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auxotrophic strains of A. tumefaciens have been genetically engineered for reduced natural fitness
(Collens, et al., 2004).
Because the coat protein provides the ability for viruses to move systemically and
constitutes the most heavily expressed viral gene product (accounting for as much as 10% of the
dry weight of a TMV-infected leaf) replacing it with the gene of interest maximizes heterologous
expression (Shivprasad, et al., 1999). Agrobacterium-mediated transfection (agroinfection) of
deconstructed viral vectors with coat protein deletions results in higher titers of heterologous
proteins than full-length analogues delivered by the same method. This advantage of
deconstructed vectors has been demonstrated in N. benthamiana leaves for Cowpea mosaic virus
(Sainsbury, et al., 2008), Potato virus X (Komarova, et al., 2006), and Tobacco mosaic virus
(Lindbo, 2007b). Moreover, the simultaneous infection of multiple cells throughout a plant by
agroinfection leads to more rapid and synchronous transient expression (Marillonnet, et al.,
2005).
Agrobacterium tumefaciens is a DNA-shuttling microbe that can rapidly and
synchronously deliver viral vectors to virtually every plant cell in contact with the inoculum.
Plant leaves infiltrated with suspensions of A. tumefaciens can receive and express this episomal
transfer-DNA (T-DNA). T-DNA may contain recombinant viral DNA, or cDNA in the case of an
RNA virus (Figure 1-1). A. tumefaciens can mediate the efficient delivery of recombinant viral
cDNAs containing large heterologous gene inserts that would be genetically unstable in viral
vectors delivered by direct transcript inoculation. For example, A. tumefaciens has delivered
deconstructed TMV vectors containing coat protein gene replacements of up to 2.3 kb in length
(Gleba, et al., 2007). A further advantage of the Agrobacterium system is the ability to
simultaneously deliver multiple viral vectors so that multimeric proteins, such as monoclonal
antibodies, can be expressed and assembled (Giritch, et al., 2006; Huang, et al., 2009; Sainsbury,
et al., 2010; Roy, et al., 2010; Komarova, et al., 2011).
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The use A. tumefaciens to deliver the cDNA of TMV coat protein mutants was pioneered
almost 20 years ago. However, low infectivity of the primary RNA transcript impeded
heterologous protein expression in Nicotiana tabacum (tobacco), the preferred host for TMV
(Turpen, et al., 1993). RNA viruses like TMV do not enter the nucleus in their natural life cycle.
However, to successfully initiate replication, the mRNA of viral vectors delivered by A.
tumefaciens must be transcribed from the T-DNA, processed, and exported from the nucleus to
the cytoplasm, a task for which they have not evolved (Marillonnet, et al., 2005). Relative to nonreplicating expression vectors, deconstructed TMV vectors expressed 9-fold more GFP in
individual agroinfected tobacco leaf cells, but were 66-fold less efficient at exporting from the
nucleus to the cytoplasm (Man and Epel, 2006). The breakthrough that made agroinfection of
deconstructed TMV vectors feasible for high-level protein expression only came after researchers
discovered a species (N. benthamiana) that was much more susceptible to agroinfection and
efficient at T-DNA transfer, transcription, and nuclear export (Voinnet, et al., 2003; Marillonnet,
et al., 2004). Later it was shown that optimizing the sequence of movement-disabled TMV
vectors for pre-mRNA processing by removing putative splice sites and inserting multiple plant
introns increased the infectivity by up to six orders of magnitude. A transcript-optimized,
movement-enabled virus worked equally well in tobacco and N. benthamiana (Marillonnet, et al.,
2005). In N. benthamiana, the optimized vector led to higher peak expression levels of GFP and
GUS and did so more quickly than the unoptimized vector due to higher primary infectivity and
reduced reliance on cell-to-cell movement. However, the reported peak absolute expression levels
of GFP (up to 5 g GFP / kg fresh weight of infiltrated N. benthamiana leaf tissue) are comparable
to those achieved with non-optimized deconstructed TMV vectors (Lindbo, 2007b; Marillonnet,
et al., 2004).
The polyadenylated tail added to the 3‟ end of the viral cDNA is required for export from
the nucleus, but its presence may hamper subsequent replication of the transcript in the

27
cytoplasm. RNA viruses such as PVX and TMV are not naturally polyadenylated, and long 3‟
non-viral sequences have been reported to reduce the infectivity of in vitro-synthesized TMV
transcripts (Man and Epel, 2006). Self cleaving hammerhead ribozyme sequences located
immediately 3‟ of the TMV cDNA and upstream of the polyA sequence increased infectivity
from 2 to 7-fold for agroinfiltration of TMV expression vectors in tobacco leaves (Turpen, et al.,
1993; Man and Epel, 2006). Consequently, many RNA viral vectors include a self-cleaving
ribozyme sequence to generate authentic 3‟ ends in the RNA transcripts following nuclear export
(Shoji, et al., 2009; Lindbo, 2007b; Liu and Kearney, 2010b; Fujiki, et al., 2008; Liu, et al.,
2002).
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Figure 1-2. Two approaches to using viral vectors to achieve high-level protein expression in
plant cells. A. tumefaciens delivers T-DNA containing the gene of interest within a viral
expression vector. (A) The cDNA of an RNA virus is amplified in vivo by a viral RNAdependent RNA polymerase. Post-transcriptional gene silencing (PTGS) is triggered by doublestranded RNA intermediates formed during replication. p19 of TBSV can suppress PTGS by
non-specifically binding to double-stranded RNAs. (B) Alternatively, the T-DNA may contain a
DNA replicase that amplifies the recombinant viral DNA within the nucleus to high copy
numbers by a rolling circle mechanism.

Replicating DNA viral viral vectors can also provide high-level transient expression
(Figure 1-2B). With the observed ability of DNA virus-based vectors to rapidly and efficiently
initiate infection from T-DNA, they appeared to be a natural choice for Agrobacterium-mediated
delivery (Turpen, et al., 1993). A viral vector based on the single-stranded DNA geminivirus,
Bean yellow dwarf virus provided a 2-fold enhancement in transient reporter gene expression in
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plant cell suspensions using Agrobacterium-mediated delivery (Collens, et al., 2007). More
recently, Bean yellow dwarf virus vectors have been used to express monoclonal antibodies,
virus-like particles, and subunit vaccine antigens in the leaves of Agrobacterium-infiltrated N.
benthamiana (Huang, et al., 2009b; Huang, et al., 2009; Regnard, et al., 2010). Another group
recently demonstrated high-level expression of similar proteins from a non-replicating vector
derived from Cowpea mosaic virus (CPMV). The authors reported a massive increase in foreign
protein accumulation with a vector consisting of the target gene cloned downstream of the 5‟
untranslated region of CPMV RNA2, modified by deletion of two inhibitory in-frame start
codons upstream of the primary translation initiation site (Sainsbury and Lomonossoff, 2008). In
a side-by-side comparison, this non-replicating CPMV vector yielded 5 times more anti-HIV
antibody than the analogous deconstructed CPMV replicating vector, without detrimentally
impacting post-translational modifications (Sainsbury, et al., 2010). Like most replicating viral
expression vectors, the non-replicating CPMV vector requires the suppression of host viral
defense mechanisms to lead to significant accumulation of heterologous protein.

1.4.2 Post-transcriptional gene silencing
Eukaryotic cells can down-regulate (silence) gene expression at the post-transcriptional
level through processes involving double-stranded RNA (dsRNA). Post-transcriptional gene
silencing (PTGS) is a significant concern for Agrobacterium-delivered deconstructed viral
vectors. Plants have evolved a natural defense mechanism against viruses in which the presence
of dsRNA triggers the degradation of homologous RNAs (Roth, et al., 2004). Deconstructed
RNA vectors which replicate by dsRNA intermediates may be silenced by this mechanism before
significant quantities of heterologous protein accumulate. Viruses have evolved a counterdefensive strategy against this adaptive immune response by expressing proteins that suppress
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various steps of the PTGS mechanism. The 19 kilodalton protein (p19) of Tomato bushy stunt
virus (TBSV) is a potentially powerful means of suppressing PTGS in a broad range of plant
species because of its novel mechanism of binding to dsRNA and preventing processing by RNA
helicase (Roth, et al., 2004; Baulcombe and Molnar, 2004). For most RNA viral vectors delivered
by agroinfection, transient co-expression of a TBSV p19 increases heterologous protein
accumulation by stabilizing the mRNA transcripts (Chiba, et al., 2006; Sudarshana, et al., 2006).
Co-expression of p19 increased GFP expression from a full-length TMV vector (Lindbo, 2007a),
but not deconstructed TMV vectors lacking the coat protein gene (Lindbo, 2007b; Marillonnet, et
al., 2004).
Viral vectors that do not rely on viral RNA replication may also trigger PTGS. DNA
replicons derived from Bean yellow dwarf virus and the non-replicating CPMV vector also
benefited from the co-expression of p19 (Huang, et al., 2009b; Sainsbury and Lomonossoff,
2008). In these cases transient gene expression presumably produces dsRNA activators of PTGS
either by aberrant DNA-dependent RNA transcription or by aberrant RNA that serves as a
template for an endogenous RNA-dependent RNA polymerase that would then synthesize the
dsRNA (Voinnet, et al., 2003).

1.5 Conclusions
Protein production in plants and mammalian hosts is converging in terms of the balance
between ex vitro and in vitro approaches. The vision of agricultural-scale molecular farming of
transgenic crops has given way to more contained systems including plants grown entirely in
vitro. On the other hand, protein expression in mammalian hosts has expanded beyond cell
culture to now include transgenic animals. In effect, the mammalian world is trying to capture
some of the favorable economics associated with animal husbandry on an agronomic scale, while
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the plant world is striving to meet the standards for containment set forth by their mammalian
predecessors. The convergence of plant and animal-based protein expression systems is not
coincidental, but due in large part to the higher value products now targeted for production in
plants, which traditionally have fallen solely in the realm of mammalian platforms.
A handful of commercial enterprises are capitalizing on recent advances made in
engineering improved plant expression vectors and hosts. The development of BEVS-like plant
viral vectors has dramatically increased heterologous protein titers in ex vitro plants. In fact,
deconstructed plant viral vectors yield expression levels approaching the theoretical limit for
soluble proteins. These expression levels are mostly independent of viral vector origin or
mechanism of amplification (at the level of DNA, RNA or translation). Using this technology
several companies anticipate FDA approval of injectable human subunit vaccines produced in
greenhouse-grown Nicotiana plants. Other companies are taking an entirely different approach by
producing recombinant human glycoproteins such as enzymes, monoclonal antibodies and
cytokines in transgenic duckweed, moss and plant cell suspensions cultured in fully contained
bioreactors. Notably, these in vitro hosts have all been engineered to produce glycoproteins free
of potentially immunogenic plant-specific glycans.
In mammalian platforms much of the knowledge to achieve high productivities is
proprietary and outside the public domain (Wurm, 2004). In contrast, a wealth of knowledge for
virus-based protein expression in plants has accumulated in the public domain. This knowledge
combined with inherent advantages in safety and scalability makes plants a formidable competitor
in tomorrow‟s therapeutic protein market.
Vacuum infiltration of plants at the commercial scale may be seen as a stop-gap until
transient expression in contained plant systems catches up. For secondary metabolites such as
ginsing, shikonin and paclitaxel, commercial-scale production in bioreactor grown plant tissue
culture has long been preferred over harvesting intact plants despite low in vitro yields (Weathers,
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et al., 2010). The economic, containment, and bioprocessing advantages inherent to in vitro plant
tissue cultures are the same whether the product is a secondary metabolite or a heterologous
protein. In fact, even for the production of therapeutic proteins, in vitro systems have a longer
track record of commercial success and have more drug candidates further along in the FDA
approval process.
The next generation of plant-based protein expression platforms will realize the full
potential of transient expression technology to achieve fast and high-level expression in vitro. The
development of Agrobacterium-delivered deconstructed viral vectors for amplified transient
expression in plant tissue culturs is already underway (Collens, et al., 2007). This patented
method of transiently expressing proteins in plant cell suspensions and hairy roots was
successfully scaled up three orders of magnitude from shake flasks to a pilot-scale 80L stirred
tank bioreactor (Curtis, 2004; O'Neill, et al., 2008). The successful application of plant viral
vectors for high-level transient expression in plant tissues cultured in bioreactors offers the best
possible combination of safety, scalability, speed, and product titer. However, these plant tissues
need not originate from in vitro systems. Low cost plant biomass grown in the field, or
microalgae cultured in open outdoor photobioreactors, could be harvested and subsequently be
treated in vitro for the purpose of transient protein expression. This final possibility combines the
best attributes of agricultural production, contained gene delivery in bioreactors, and high-level
expression from viral vectors.

Chapter 2
RNA virus-amplified transient GUS expression in leaves, cell suspensions and
hairy roots of Nicotiana benthamiana

2.1 Summary
Low protein product titers have thus far limited the application of Agrobacterium
tumefaciens for the transient expression of heterologous proteins in plant tissue cultures. The
objective of this work was to overcome this limitation by increasing protein product titers in cell
suspensions and hairy root cultures by harnessing A. tumefaciens to efficiently deliver replicating
RNA viral vectors.
Replicating vectors derived from Potato virus X (PVX) and Tobacco rattle virus (TRV)
were modified to contain the reporter gene beta-glucuronidase (GUS) with a plant intron to
prevent bacterial expression. In cell suspensions, a minimal PVX construct retaining only the
viral RNA polymerase gene yielded 6.6-fold more GUS than an analogous full-genome PVX
vector. Co-delivery of the minimal PVX vector with p19 of Tomato bushy stunt virus and HC-Pro
of Tobacco etch virus increased transient GUS expression by 40-80%. Additionally, a nonreplicating vector containing a leader sequence from Cowpea mosaic virus (CPMV) modified for
enhanced translation led to 70% higher transient GUS expression than a control vector. However,
absolute GUS expression levels in cell suspensions were an order of magnitude lower than those
obtained for the same vectors in agroinfected leaves. In hairy roots, a vector derived from TRV
that was capable of systemic movement increased GUS accumulation by 150-fold relative to the
analogous PVX vector. Furthermore, histochemical staining for GUS in TRV-infected hairy roots
revealed the capacity for achieving even higher productivity per unit biomass.
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This work established the feasibility of utilizing Agrobacterium-mediated delivery of
replicating RNA viral vectors for amplified heterologous protein expression in plant tissue
cultures. The advantages and limitations of this approach are discussed in the context of
engineering a safe, cost-effective, and scalable production platform.

2.2 Introduction
Recent breakthroughs in the genetic engineering of plant viruses for heterologous protein
expression have resulted in a flourish of new virus-based expression systems and broad adoption
by academic and industry groups (Lico, et al., 2008). Plant viral vectors are being successfully
applied for the production of protein therapeutics for human and animal health including
recombinant vaccines (Karg and Kallio, 2009). While a plethora of viral vectors have recently
been developed for agroinfection of plants (Huang, et al., 2009b; Lindbo, 2007b; Musiychuk, et
al., 2007; Sainsbury and Lomonossoff, 2008), there are few reports of successful application of
these vectors to in vitro plant tissue cultures (Collens, et al., 2007). In contrast, the baculovirus
expression vector system (BEVS) is widely used for the rapid production of complex
heterologous proteins in mammalian and insect cell lines (Kost, et al., 2005). The development of
a next-generation plant tissue culture-based expression system analogous to the BEVS offers the
potential for an unmatched combination of safety, scalability, speed, and product titer.
In vitro plant systems combine the advantages inherent to plants with the increased
control, volumetric-scalability, short production cycles, and environmental containment of tissues
cultured in bioreactors. Unlike widely-used mammalian cell lines such as Chinese hamster ovary
(CHO) cells, plant tissues do not harbor human pathogens and are cultured in inexpensive media
free of potentially infectious animal derivatives.
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Plant cell suspensions are composed of individual and small aggregates of plant cells
cultured in a liquid medium containing hormones that promote proliferation and dedifferentiation. Plant cell suspensions are preferred by biochemical engineers for process
development since they are readily scalable volumetrically in bioreactors by principles already
developed for the large-scale cultures of microbial and mammalian cells (Weathers, et al., 2010).
In fact, plant cell suspensions have been scaled up to 75,000 L for the production of valuable
secondary metabolites (Ritterhaus, et al., 1990). They are also amenable to pilot-scale culture in
low-capital cost bioreactors composed of disposable plastic bags suspended from a reusable
headplate (Hsiao, et al., 1999). Stably-transformed plant cell suspensions have already proven to
be a valuable tool for the constitutive expression of hundreds of therapeutic proteins including
human enzymes, growth regulators, vaccines, and monoclonal antibodies (Xu, et al., 2011;
Weathers, et al., 2010; Hellwig, et al., 2004).
Plants and plant tissue cultures are amenable to Agrobacterium-mediated transient protein
expression, a rapid, scalable and low-cost gene delivery system. When co-cultured with plant
tissues, recombinant Agrobacteria can efficiently target heterologous DNA to the nucleus of the
plant cells. In the case of viral vectors, the delivered cDNA is transcribed to the viral RNA
genome in the nucleus and exported to the cytoplasm. Subsequent RNA replication amplifies both
viral and heterologous genes. Concurrent with genome replication, viral polymerases synthesize
additional subgenomic RNAs that direct target protein translation. In this way biological
amplification of the transgene in transformed Agrobacteria is supplemented by intracellular
amplification at the transcriptional and post-transcriptional levels.
Transient expression allows for the production of heterologous proteins on very short
time scales relative to the several months required to generate and select productive transgenic
cell lines. In fact, transient expression of episomal DNA results in a temporal peak in
heterologous protein expression in a matter of days. Consequently, transient expression may
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prove especially useful as a manufacturing platform for the production of proteins that require
very short lead times. Scientists at Medicago, Inc. recently demonstrated that the first doses of a
plant-made influenza vaccine can be produced within three weeks of the release of sequence
information for new pandemic strains (D'Aoust, et al., 2010). Transient expression approaches
also have the potential to offer lower risk in terms of genetic stability by avoiding the mutations
than can accumulate in the transgenes of stably-transformed plant tissue cultures maintained by
serial subculture (Kiselev, et al., 2009).
While gram per liter titers are typical for highly refined transgenic mammalian cell lines
secreting heterologous proteins, much more modest levels have been reported for transgenic plant
cell suspensions (Huang and McDonald, 2009; Holland, et al., 2010). Novel plant virus-based
technologies represent a tool to potentially overcome the low volumetric yields that characterize
this production platform. We previously demonstrated a three order of magnitude scale-up of
Agrobacterium-mediated transient GUS expression with a N. glutinosa cell suspension in a
modified 80L stirred tank bioreactor without loss in productivity (O'Neill, et al., 2008). Despite
careful optimization of the co-culture process, GUS was expressed at only 23 μg/L. Similarly, a
group recently reported peak transient expression of an IgG antibody at 130 μg/L in shake flask
suspension cultures of N. benthamiana co-cultured for 9 days with prototrophic clones of
Agrobacteria haboring R514 and p19 (Boivin, et al., 2010). Consequently, we endeavoured to
engineer improved expression vectors derived from plant viruses to achieve mg per liter yields.
While highly effective in leaf tissue, vectors derived from the single-stranded DNA of
Bean yellow dwarf virus may not be suitable for high-level expression in plant cell suspensions.
For example, recombinant Norwalk virus capsid protein accumulated to an estimated 10% of the
total soluble protein (TSP) in the leaves of N. benthamiana agroinfected with a BeYDV vector
and a suppressor of post-transcriptional gene silencing (Huang, et al., 2009b); yet the same
protein accumulated to only 1.2% TSP in tobacco NT1 suspension cells stably transformed with a
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similar ethanol-inducible BeYDV vector (Zhang and Mason, 2006). Moreover, transient
expression from a BeYDV vector peaked at just 0.22% TSP in plant cell suspension cultures of
Nicotiana glutinosa (Collens, et al., 2007).
In contrast, two recent examples provide evidence that deconstructed RNA viruses
engineered with reporter proteins replacing the viral coat protein can efficiently replicate and
accumulate heterologous protein in transgenic plant cell suspensions. To date, the highest
reported level of heterologous protein expression from a viral vector in plant tissue culture was
achieved with an estrogen-inducible promoter fused to the cDNA of a deconstructed viral vector
derived from Tomato mosaic virus (Dohi, et al., 2006); using a tobacco BY-2 cell suspension
stably transformed with this vector GFP was expressed at 10% of the TSP. Similarly, a
recombinant human glycoprotein was produced in N. benthamiana cells stably transformed with a
chemically inducible vector derived from Cucumber mosaic virus (CMV). Productivity from cells
transgenic for the CMV vector was higher than non-replicating expression vectors (Huang, et al.,
2009a).
Like cell suspensions plant hairy root cultures are also scalable in bioreactors
(Ramakrishnan and Curtis, 2004). Unlike plant cell suspensions, which are composed of a more
homogeneous population of cells, hairy root cultures consist of a tissue with multiple cell types.
Hairy roots develop as the consequence of the transfer of genetic information from
Agrobacterium rhizogenes, a gram-negative soil bacterium, to a host plant. This „natural‟ process
leads to the emergence of genetically-transformed hairy roots at the site of infection on the plant.
The hairy root phenotype is characterized by fast, hormone-independent growth, lack of
geotropism, lateral branching and genetic stability. An important characteristic of A. rhizogenestransformed roots is their ability to synthesize secondary metabolites specific to that plant species
from which they were derived (Shanks and Morgan, 1999).
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Hairy roots can also serve as a platform for heterologous protein expression from viral
vectors. A recombinant Tobacco mosaic virus (TMV) vector expressing GFP from a duplicated
coat protein subgenomic promoter has been used for transient expression in N. benthamiana cell
suspensions and hairy roots. In this method, infectious viral particles purified from infected plants
were co-incubated with plant tissue cultures (Shadwick and Doran, 2007). This approach
necessitated time-consuming viral amplification by first passaging the recombinant TMV stocks
in whole plants. Furthermore, the recombinant virus failed to replicate or lead to significant GFP
accumulation in hairy roots due to foreign gene deletion that occurred during serial passaging.
Similarly, very limited uptake and replication was observed for infectious TMV particles coincubated with cell suspensions of N. benthamiana (Shih and Doran, 2009b). In another study,
hairy roots of N. benthamiana were generated from the leaves of plants previously infected with
the same TMV-GFP expression vector (Skarjinskaia, et al., 2008). Clonal hairy root lines
sustained recombinant virus replication and GFP expression over a period of three years in the
absence of selection at levels comparable to those found in transgenic hairy roots (50-120 mg/kg).
Our approach of using an engineered strain of Agrobacterium to amplify and directly
deliver viral cDNA to pre-established plant tissue cultures avoids the instability associated with
viral passaging in whole plants and the long lead times required to generate recombinant virusinfected root lines from infected leaves. Moreover, viral cDNA transfection by Agrobacterium in
untransformed plant tissue cultures may be more efficient and reproducible than passive uptake of
viral particles; in leaves, agroinfection leads to almost complete infection even for movementdisabled viral vectors (Marillonnet, et al., 2005). We have engineered auxotrophs of
Agrobacterium tumefaciens specifically for the purpose of achieving compatibility with plant
tissue cultures in the absence of antibiotic selection (Collens, et al., 2004). These auxotrophs
exhibit reduced rates of growth in the defined nutrient medium used to cultivate plant tissues and
facilitate a balanced co-cultivation of plant tissues and bacteria. Finally, the inclusion of a plant
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intron within the GUS marker is important to prevent unwanted bacterial expression of the
transgene, which has been demonstrated to occur for a deconstructed vector derived from Foxtail
mosaic virus, a potexvirus closely related to PVX (Liu and Kearney, 2010a).
High-level transient expression using viral vectors derived from RNA viruses such as
PVX, CPMV and TRV has been reported in the leaves or roots of infected N. benthamiana plants
(Sainsbury and Lomonossoff, 2008; Komarova, et al., 2006; MacFarlane and Popovich, 2000). In
this study we utilized N. benthamiana plant cell suspensions and hairy roots as hosts for
Agrobacterium-mediated transient GUS expression from RNA viral vectors derived from these
three viruses. PVX and TRV amplify transgene RNA through the use of viral RNA polymerases,
while the CPMV vector is based on the concept of enhanced translation in the absence of viral
replication.

2.3 Materials and methods

2.3.1 Plants and plant tissue cultures
Callus cultures of wild-type N. benthamiana were generated by placing leaf and petiole
tissue explants from aseptically-grown seedlings onto MSG media solidified with 6 g/L agar.
MSG is a derivative of MS salts media (Murashige and Skoog, 1962), containing 25 g/L sucrose,
1X B5 vitamins (Gamborg, et al., 1968), 0.5 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), and
0.2 mg/L kinetin with the pH adjusted to 5.7. Following callus induction, liquid cell suspension
cultures were subsequently maintained on MS salts media with 0.2 mg/L 2,4-D and 25 g/L
sucrose, pH adjusted to 5.5. Suspensions were serial subcultured every 14 days by transferring 20
mL into 100 mL of fresh media in a 500-mL Erlenmeyer flask and returning 20 mL to the original
flask to achieve a final volume of 100 mL. Callus generated from four individual plants was used
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to establish four independent cell lines consisting of fine liquid suspensions. Suspensions were
screened by co-culture with A. tumefaciens harboring pBY031-I1. A single cell line was selected
and used for subsequent experiments based on good growth and good qualitative transient GUS
expression after 4 days of co-culture.
Root cultures were generated by transforming aseptically grown N. benthamiana
seedlings with A. rhizogenes [ATCC:15834]. Individual roots that grew from different wound
sites exhibiting the hairy root phenotype of fast, branchy, hormone-independent growth were
cultured separately and cured of bacteria by growth on B5 medium supplemented with 300 mg/L
cefotaxime. A single root clone was selected for good growth and used for subsequent
experimental work. Root cultures were maintained in 125-mL Erlenmeyer flasks by biweekly
serial subculture of ~500 mg into 50 mL B5 medium containing 25 g/L sucrose, pH adjusted to
5.5 (Gamborg, et al., 1968). All cell suspensions and hairy root cultures were incubated at 25°C
in the dark on a 120 RPM orbital shaker with a 2.5 cm stroke.
Nicotiana benthamiana plants were grown from seed under fluorescent lighting with a 16
hour photoperiod in an incubator maintained at 23°C. Plants were grown in 10 cm square pots
with Miracle-Gro potting mix containing sphagnum peat moss and perlite in a 3:1 ratio,
supplemented with dolomitic lime at the recommended concentration of 5.3 g/dm3. Plants were
fertilized with liquid Dyna-Gro 7-9-5 at each watering at the rate recommended for outdoor plants
(0.0326% by volume).

2.3.2 Co-culture of plant tissue cultures with Agrobacterium tumefaciens
Plant cell suspension cultures were prepared for an experiment by adding 5 mL of 2week-old suspension culture into 15 mL of MS media containing 0.2 mg/L 2,4-D, 25 g/L sucrose
and 2.5 mM KH2PO4 in a 125-mL flask with a loose foil closure and no sponge plug. Within two
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hours, A. tumefaciens clones harboring the appropriate plasmids were then added to initiate coculture. Root cultures were initiated by adding ~500 mg fresh weight of 2-week-old roots into 25
mL of B5 media in a 125-mL flask with a loose foil closure. Unless noted otherwise, root cultures
were incubated under standard conditions for 5 days prior to initiation of co-culture.
The A. tumefaciens strain used for co-culture with plant suspensions was the cysteine
auxotroph C58::pEHA105/Cys32, which was generated by transposon mutagenesis (Collens, et
al., 2004). Growth of the bacteria was monitored in liquid culture on the basis of measurements of
absorbance at 600 nm (OD600). A. tumefaciens clones harbouring the appropriate plasmids were
cultured individually in Luria-Bertani (LB) media supplemented with 50 mg/L kanamycin in
25x150mm culture tubes on a 1.9 cm stroke rotary shaker at 250 RPM and at 25°C. Cryogenic
stocks of each Agrobacterium clone were used to inoculate 2 mL LB media with selection which
was grown overnight. The overnight cultures were then inoculated into 5 mL aliquots of fresh LB
media with selection, in a quantitative manner to achieve the desired bacterial density based on an
additional 6 hours of growth. Once the A. tumefaciens cultures reached an exponential growth
phase (OD600 ~1) they were pelleted by centrifugation at 3000 RCF for 7 min, washed, and
resuspended in root or cell suspension medium to an OD600 of approximately 1.0. Each bacterial
culture was added to the plant tissue culture flasks at the equivalent of 1% of the working culture
volume at an OD600 of 1.0 (Appendix I).

2.3.3 Histochemical GUS detection and quantification
After six days of co-culture, GUS expression in each flask was evaluated qualitatively by
histochemical staining with X-Gluc substrate (Stomp, 1992) (Appendix D). Approximately 50 mg
FW of plant suspension filter cake was added to 75 μL of isotonic solution (6 g/L sodium
chloride) in a flat-bottom 96-well microtiter plate; 100 mg FW of roots (blotted dry) was
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collected from the outside edge of the root mat and placed in a 1.5 mL microcentrifuge tube.
Freshly harvested samples were incubated at room temperature with 150 μL (cells) or 200 μL
(roots) of X-Gluc staining buffer (2 mM 5-bromo-4-chloro-3-indolyl β-D-glucuronic acid, 10
mM EDTA, 0.1% Triton X-100, 100 mM sodium phosphate buffer at pH 7.0, 0.5 mM potassium
ferricyanide, 0.5 mM potassium ferrocyanide). 200 mg plant tissue samples were also collected
for the MUG assay and stored at -20°C prior to processing.
The yield of GUS was quantified through a fluorometric assay (Appendix C). Protein was
extracted by the addition of extraction buffer (333 mg/mL silicon carbine, 50 mM sodium
phosphate buffer at pH 7.0, 10 mM sodium EDTA, 0.1% Triton X-100, 0.1% sodium lauryl
sulfate, 10 mM 2-mercaptoethanol) at 0.45 mL/g fresh weight roots or cells, or 2 mL/g fresh
weight leaf tissue. Tissue was frozen in liquid nitrogen and homogenized with a sterile
polypropylene mini-pestle (Sigma, part number Z359947) in a 1.5 mL microcentrifuge tube at
~60 RPM for 80 seconds. Homogenized samples were centrifuged at 16,000 RCF for 10 minutes
at 4°C. The total soluble protein (TSP) in the supernatant was quantified using a modified
Bradford assay with bovine serum albumin (BSA) as the protein standard (Zor and Selinger,
1996). Samples were then diluted with extraction buffer (silicon carbide omitted). GUS activity
was quantified from approximately 0.1 microgram of TSP per sample in a 96-well white opaque
microtiter plate using a three-point kinetic assay with 0.2 mM 4-methylumbelliferyl β-Dglucuronide (MUG) as the substrate at 37°C (Rao and Flynn, 1992). Relative fluorescent
measurements were converted into yield of GUS as a percent of total soluble protein (% TSP)
based on assays of GUS type VII-A from E. coli (Sigma) as a standard (Appendix E).
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2.3.4 Leaf infiltrations
Transient expression assays were performed using 4-5 week old N. benthamiana plants.
Cultures of A. tumefaciens were prepared for leaf infiltrations (Appendix I) in the same manner as
described for co-culture with plant tissue cultures with the following differences: bacteria were
washed and resuspended to a final OD600 of 1.2 in MMA pH adjusted to 5.6 (10 mM MES (2-[Nmorpholino]ethanesulfonic acid), 10 mM magnesium chloride, 100 μM acetosyringone). Bacteria
were then incubated for 2 hours at 25°C and pressure infiltrated into the abaxial surfaces of intact
N. benthamiana leaves using a needleless 3-mL plastic syringe. Agroinfiltration was performed
on the distal parts of leaves in the 5th to 7th tiers counting down from the first fully emerged leaf.
At least four leaves on different plants were infiltrated for each treatment. Each leaf was
infiltrated bilaterally with two independently harvested samples. For co-agroinfiltration of two or
more A. tumefaciens cultures containing different constructs, equal volumes of individual
suspensions each at an OD600 of 1.2 were mixed together or diluted with MMA such that the final
concentration of each clone was constant across comparative treatments. Control infiltrations
comprised a mixture of P19, Rep and MMA in a 1:1:1 ratio, or P19 and MMA in a 1:1 ratio.
Leaves were harvested after 6 days of co-cultivation except for the treatments containing Rep
which were harvested after 5 days to avoid necrosis appearing at later times. Samples were
harvested from each infiltration using a 1.9 cm diameter sharpened steel punch. The weight of
each leaf disk was recorded (approximately 60 mg) and stored at -20°C prior to quantitative GUS
analysis.
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2.3.5 Vector construction
All of the GUS expression constructs used in this study were generated as binary vectors
for maintenance in Agrobacteria and contain the uidA gene (GUS) modified by the insertion of
the potato PIV2 intron to prevent bacterial expression of the reporter gene as previously described
(Collens, et al., 2007). The vector pBY031-I1 (LSL-GUS) contains the cis-acting regulatory
elements from the Bean yellow dwarf virus genome flanking the GUS expression cassette. The
non-replicating vector pGPTVK-GI (35S-GUS) lacks the viral recognition sequences for the
BeYDV replicase protein. In both vectors, the GUS- intron reporter gene is under of the control
of the dual enhanced CaMV 35S promoter fused to the TEV 5‟ UTR and followed by the
nopaline synthase terminator sequence. Vectors pPSP19 (P19) and pRep110 (Rep) contain the
35S promoter driving expression of the Tobacco bushy stunt virus 19 kDa gene product and the
native BeYDV viral replication proteins, respectively (Huang, et al., 2009b). The TEV P1/HCPro polyprotein for suppression of post-transcriptional gene silencing was expressed from a dual
35S promoter in a pGA482 binary vector with a HindIII fragment containing the expression
cassette from pRTL2-0027 (Carrington, et al., 1990). See Appendix K for detailed maps of these
plasmids and their relevant parent molecules including restriction enzyme recognition sites and
primer binding sites used for cloning.
The PVX constructs used in the present work (Figure 2-1) were derived from the
agroinfection vector pGR106 developed by David Baulcombe [GenBank:AY297843]. Plasmid
pGR106 consists of a full-length PVX cDNA containing a duplicated coat protein subgenomic
promoter and multiple cloning site (MCS) inserted upstream of the coat protein gene. The
modified cDNA was placed in the pGreen0000 binary vector under control of a 35S promoter
(Lu, et al., 2003). Two modified versions of pGR106 were created to omit the native viral genes
non-essential to replication. First the 5‟ end of the coat protein gene was removed from pGR106
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by SalI and XhoI digestion and re-ligation to obtain PVXΔCP, which retains a 61 bp 3‟ terminal
fragment of the coat protein important for viral replication (Komarova, et al., 2006). This
construct was further modified by creating a deletion in the triple gene block. Site-directed
mutagenesis of PVXΔCP was used to introduce a 3rd Bsu36I recognition site at the 3‟ end of the
triple gene block by removing the adenine residue at nucleotide 7647. A subsequent Bsu36I
digestion and re-ligation yielded PVXΔCPΔTGB with a 1 kb deletion spanning the triple gene
block. The GUS-intron coding sequence was PCR-amplified with a high-fidelity polymerase from
pBY031-I1 using primers AscI_GI_F and GI_NotI_R (Table 2-1). The vector plasmids were
sequentially digested with AscI and NotI restriction enzymes while concurrently treated with
shrimp alkaline phosphatase (Roche). The purified insert (QIAquick PCR Purification kit) was
cloned into the AscI and NotI digested PVX vectors to create PVX-GUS, PVXΔCP-GUS and
PVXΔCPΔTGB-GUS. Kanamycin-resistant transformants were verified by colony PCR with
primers Rep_F and GI_R to amplify the region spanning the 3‟ end of the RNA-dependent RNA
polymerase, TGB, and the 5‟ region of GUS-intron coding sequence. Amplified fragment sizes
were 1.14 kb for PVXΔCPΔTGB-GUS and 2.13 kb for PVXΔCP-GUS and PVX-GUS. The
integrity of the plasmids was further verified by restriction digest with AscI and PstI.

Table 2-1. Sense (F) and antisense (R) oligonucleotides used for PCR amplifications. Sequences added with 5‟
extensions are shown in bold with restriction enzyme recognition sites underlined. Initiation codons are italicized.
UTR, untranslated region; PEBV, Pea early browning virus; RdRp, RNA-dependent RNA polymerase.

Primer

Sequence (5’ – 3’)

Hybridization site

AscI_GI_F
GI_NotI_R
Rep_F
GI_R
GI_XhoI_R
PEBVsgPR_F
TRV3UTR_R
AgeI-GI_F
pEAQ_F
pEAQ_R

TAGGCGCGCCATGGTCCGTCCTGTAGAA
TTGCGGCCGCAGAGGATCCTCATTGTTT
GCCTGAGTTTTGTGGTTGG
GGATAGTCTGCCAGTTCAGTTCG
CCTACTCGAGCCTCATTGTTTGCCTCCC
AACTCGGTTTGCTGACCTAC
ACCTAAAACTTCAGACACGG
TATAACCGGTCATGGTCCGTCCTGTAGAAACC
AACGTTGTCAGATCGTGCTTCGGCACC
CTCCTGTTTAGCAGGTCGTCCCTTCAG

5‟ terminus of GUS-intron
3‟ terminus of GUS-intron
internal to PVX RdRp
internal to GUS-intron
3‟ terminus of GUS-intron
PEBV subgenomic promoter
3‟ UTR of TRV RNA2
5‟ terminus of GUS-intron
5‟ UTR of pEAQ-HT
3‟ UTR of pEAQ-HT
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Figure 2-1. Schematic representation of the T-DNA regions of the vectors used in this chapter.
Control elements are illustrated in black boxes and coding sequences are shown in white or blue
boxes. Overhead arrows represent duplicated subgenomic coat protein promoters driving
expression of the inserted transgene. All vectors contain a backbone sequence derived from
pBIN19 except for the PVX vectors which are based on pGreen0000. 35S, dual enhanced
Cauliflower mosaic virus (CaMV) 35S promoter; 35ST, CaMV 35S terminator; TEV 5‟, Tobacco
etch virus 5‟ untranslated region; CPMV 5‟, Cowpea mosaic virus 5‟ untranslated region
modified with mutations A115G and U162C; LB and RB, left and right T-DNA borders; RdRp,
RNA-dependent RNA polymerase; TGB, triple gene block; CP, coat protein gene; Rz, selfcleaving ribozyme; NOST, nopaline synthase terminator; MP, movement protein gene; VSPT,
soybean vegetative storage protein B 3‟ untranslated region; NPTII, expression cassette
conferring kanamycin resistance; LIR and SIR, long and short intergenic regions of the Bean
yellow dwarf virus genome; C1/C2, Bean yellow dwarf virus open reading frames encoding
replication initiation proteins Rep and RepA.
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Binary vectors containing full-length cDNA clones of TRV isolate PpK20 RNA1 (TRV1)
and RNA2 (pYL156) have been described previously (Liu, et al., 2002). A fragment from the
expression vector TRV-GFPc (MacFarlane and Popovich, 2000) including the duplicated coat
protein subgenomic promoter from the tobravirus Pea early browning virus (PEBV) driving GFP
expression was previously cloned into the MCS of plasmid pYL156 to create pTRV2-GFP. The
GUS-intron coding sequence was PCR amplified from pBY031-I1 with primers Asc_GI_F and
GI_XhoI_R using a high-fidelity polymerase. The NcoI-XhoI fragment containing the GFP gene
in pTRV2-GFP was replaced with the amplified GUS-intron fragment containing flanking
restriction sites by digestion of vector and insert with NcoI and XhoI to create TRV2-GUS. Note
that an undocumented NcoI recognition site present in the pYL156 vector backbone sequence
necessitated a triple ligation due to the generation of two backbone fragments. This extra NcoI
recognition site in the vector was previously observed upon digestion with NcoI and EcoRI (Mark
Varrelmann, personal communication). Transformants were PCR-verified with primers
PEBVsgPR_F and TRV3UTR_R to amplify a fragment spanning the PEBV coat protein
subgenomic promoter, GUS-intron, and part of the 3‟ untranslated region. The integrity of the
plasmid was further verified by a restriction digest with SphI. As with NcoI, there appeared to be
an undocumented SphI site in the vector backbone of pYL156. The entire transcribed region of
TRV2-GUS including the 5‟ and 3‟ TRV untranslated regions, coat protein, and GUS-intron was
verified by sequencing. In all experiments involving TRV2-GUS, a separate A. tumefaciens clone
harboring TRV1 was always co-inoculated in a 1:1 ratio.
Binary vector pEAQ-HT contains the modified 5‟-untranslated region of Cowpea mosaic
virus within a 35S expression cassette (Sainsbury, et al., 2009). A second expression cassette on
the same T-DNA contains the p19 suppressor gene. The GUS-intron coding sequence was PCR
amplified from pBY031-I1 with primers AgeI_GI_F and GI_XhoI_R using a high-fidelity
polymerase. This GUS-intron fragment was then cloned into the AgeI and XhoI sites of the
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pEAQ-HT MCS such that the optional histidine tags were replaced to create HT19-GUS.
Transformants were PCR-verified with PCR primers pEAQ_F and pEAQ_R to amplify a 2.56 kb
fragment spanning most of the 5‟ and 3‟ untranslated region as well as the entire GUS-intron
transgene.
The high fidelity polymerases Phusion (New England Biolabs) or iProof (Bio-Rad) were
used according to the protocols suggested by the manufacturer to generate all cloning insert
fragments. Ligation products were drop-dialyzed on 13 mm diameter 0.025 μm pore-size
microdialysis membranes (MF-Millipore product code VSWP) prior to transformation into
electrocompetent E. coli strains DH5α or DH10β (http://goo.gl/Ue2On). Electrocompetent E. coli
and A. tumefaceins were prepared and electrotransformed using the Bio-Rad MicroPulser
Electroporation Apparatus as per the manufacturer‟s protocols. Plasmid pGR106 and its
derivatives were co-transformed with the pSoup helper plasmid. All A. tumefaciens and E. coli
transformants were selected on LB medium supplemented with 50 mg/L kanamycin and
incubated at 25°C and 37°C, respectively. All A. tumefaciens transformants were colony purified
and subsequently verified by colony PCR.

2.3.6 Statistical analysis
All probabilities were calculated using Welch‟s t test with a two-tailed distribution
assuming unequal variance between data sets consisting of at least 3 independent replicate
samples.
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2.4 Results and discussion

2.4.1 In cell suspensions, a replicating PVX vector yielded 6.6-fold more GUS when nonessential viral gene functions were omitted
PVX has a monopartite plus-strand RNA genome encoding five open reading frames
(ORFs). The first ORF encodes the RNA-dependent RNA polymerase required for viral
replication. The central three overlapping ORFs, known as the triple gene block (TGB), are
required for local movement of the virus to neighboring cells (Batten, et al., 2003). The final ORF
encodes for the PVX coat protein (CP) which is required for virion assembly, cell-to-cell
infection via plasmodesmata, and systemic movement through the vasculature (Chapman, et al.,
1992). The viral polymerase is translated directly from the viral RNA transcript and synthesizes
the subgenomic plus-strand RNAs from which the other four ORFs are translated (Batten, et al.,
2003).
PVX can be utilized as a full-genome expression vector where the transgene is cloned as
an insert under the control of a duplicated coat protein subgenomic promoter. Alternatively, a
deconstructed vector can be utilized where the transgene replaces a highly-expressed, but nonessential viral gene. Agroinfection of full-genome PVX vectors leads to production of
heterologous protein in systemically infected leaves (Azhakanandam, et al., 2007; Cerovska, et
al., 2008; Mechtcheriakova, et al., 2006). However, the inserted sequence is frequently lost by
homologous recombination during long-distance movement, limiting the utility of the gene
insertion strategy for heterologous protein expression (Avesani, et al., 2007). In contrast,
deconstructed PVX vectors contain deletions in viral genes essential for secondary infection and
thus are limited to replicating in primary infected cells only (Manske and Schiemann, 2005).
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In the present study three different PVX constructs were characterized: a PVX fullgenome vector containing GUS as a gene insert (PVX-GUS) and derivatives of that vector
containing a deletions spanning most of the CP (PVXΔCP-GUS) or both the CP and triple gene
block (PVXΔCPΔTGB-GUS). The latter vector is referred to as a minimal vector as it contains
only the viral components required for replication, inlcuding the RNA-dependent RNA
polymerase.
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Figure 2-2. Transient GUS expression from different PVX
vectors in cell suspensions and hairy root cultures of N.
benthamiana. The PVX-GUS vector containing GUS as an
insert under a duplicated coat protein subgenomic
promoter was compared to a coat protein replacement
construct (PVX∆CP-GUS) and a minimal vector
containing only the viral components required for RNA
replication (PVX∆CP∆TGB-GUS) in (A) cell suspensions,
and (B) hairy roots. Values represent the means ± SD of
samples from three independent co-cultures. Means on the
same axis labeled with the same Greek letter are not
significantly different from each other at the 95%
significance level.

infiltration of PVX vectors in N. benthamiana leaves. A similar minimal PVX vector lacking the
CP gene and TGB yielded 2.5-fold more transiently expressed GFP than a full-genome PVX
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vector when co-agroinfected with a binary vector expressing the PTGS suppressor Potato virus A
(PVA) HC-Pro (Komarova, et al., 2006). For PVX, as well as TMV and CPMV, replacing the
viral coat protein with the gene of interest (and leaving the movement-related protein(s) intact)
has led to higher expression relative to full-genome analogues in agroinfiltrated N. benthamiana
leaves (Lindbo, 2007b; Giritch, et al., 2006; Sainsbury, et al., 2008). Vectors lacking the CP gene
product are free to direct more of the cellular metabolic resources towards the production of the
target product.
In roots, the presence of the PVX movement-related genes had an insignificant effect on
transient expression of GUS. For all three PVX vectors, GUS accumulation was uniformly low-approximately two orders of magnitude lower than that measured in cell suspensions (Figure
2-2B). This disparity is even greater than the previously observed 20-fold difference in reporter
protein expression (from a non-replicating vector) between cell suspensions and hairy roots as a
result of the limitation imposed on roots to express the protein only in surface tissue containing
actively dividing cells. (Collens, et al., 2007). Histochemical staining revealed that in all cases
GUS expression was highly localized to a very small number of randomly-distributed surface root
cells (results not shown). This observation suggests that PVX vectors were inefficient at initiating
primary infections in hairy roots. Moreover, the full genome PVX vector failed to initiate any
discernable secondary infections.
Previously, deconstructed PVX viral vectors were created by substituting the CP gene
with a transgene such as GFP (Giritch, et al., 2006) or deleting both the TGB and CP genes and
expressing the transgene from the TGB subgenomic promoter (Komarova, et al., 2006). The
minimal amplicon used in the present study consists of GUS-intron expressed from a duplicated
CP subgenomic promoter. Since the coat protein of RNA viruses usually constitutes the most
highly expressed viral gene product (accounting for as much as 10% of the dry weight of a TMVinfected leaf) replacing it with the gene of interest (rather than the TGB) may maximize
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heterologous protein expression (Shivprasad, et al., 1999). A direct comparison of the relative
strength of these two PVX subgenomic promoters has not been made, as far as the author is
aware.

2.4.2 Suppression of post-transcriptional gene silencing increased transient GUS expression
from the minimal PVX vector in cell suspensions
The minimal PVX amplicon that worked most effectively for transient GUS expression in
cell suspensions contained a deletion in the triple gene block that includes the P25 gene encoding
a native suppressor of post-transcriptional gene silencing (Voinnet, et al., 2000). PTGS can be
trigged by the double-stranded RNA intermediates created during the replication cycles of RNA
viruses such as PVX. PTGS results in the failure to accumulate subgenomic RNA transcripts of
the transgene due to sequence-specific targeting and destruction. Thus, we sought to potentially
complement this disrupted PTGS-suppression activity through co-expression of a heterologous
suppressor from a second construct provided by a separate clone of A. tumefaciens.
One of the potent plant virus suppressors of PTGS is a 19-kDa protein from the Tomato
bushy stunt virus (TBSV) group of positive-strand RNA viruses (Voinnet, et al., 2003). The p19
gene product interrupts the silencing mechanism by directly binding to double-stranded RNAs
and blocking access of the host RNA helicase, which is required for formation of the RNA
interference specificity complex (RISC) (Voinnet, et al., 2003; Baulcombe and Molnar, 2004).
Transient protein expression may be prolonged and increased when PTGS is suppressed by p19
(Voinnet, et al., 2003). For instance, co-infiltration of the P19 silencing suppressor construct
increased green fluorescent protein (GFP) expression from a BeYDV vector in N. benthamiana
leaves (Huang, et al., 2009b).
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Co-delivery of the minimal PVX vector with the P19 construct increased GUS expression
by 44% and 990% in co-cultured cell suspensions (Figure 2-3A) and infiltrated leaves (Figure
2-3B), respectively. The increase for cell suspensions was statistically insignificant (p>0.10), but
the positive trend was consistent with previously reported results, as discussed below. A similar
trend was observed for the transient co-expression of another suppressor (HC-Pro of Tobacco
etch virus), which led to a statistically significant 83% increase in GUS expression in N.
benthamiana cell suspension co-cultures (p<0.05; Figure 2-3A). Co-infiltration of TEV HC-Pro
also increased transient GUS expression in leaves, but concurrent severe necrosis present at six
days post-infiltration precluded accurate quantification (results not shown).
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Figure 2-3. Suppression of post-transcriptional gene silencing in N. benthamiana cell suspensions
and leaves. The PVX∆CP∆TGB-GUS vector was transiently expressed alone or simultaneously
co-expressed in a 1:1 ratio with P19 or HC-Pro constructs, supplying suppressors of PTGS.
Values represent the means ± SD of samples from (A) three independent co-cultures of plant cell
suspensions, and (B) three leaves of intact plants infiltrated with the same A. tumefaciens clones.
Means on the same axis labeled with the same Greek letter are not significantly different from
each other at the 95% significance level.
The results with P19 and HC-Pro presented in this study are consistent with reports of
increased transient protein expression in the presence of these suppressors in infiltrated leaves
and cell suspension co-cultures. PVA HC-Pro markedly increased GFP accumulation from a
minimal PVX vector in agroinfected N. benthamiana leaves (Komarova, et al., 2006). Similarly,
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co-infiltration with P19 increased transient expression of an IgG antibody by 14-fold from a nonreplicating vector in N. benthamiana leaves (Boivin, et al., 2010). This same combination of
vectors provided a smaller but significant 75% increase in transient IgG expression in cell
suspensions of the same species. Notably, the co-expression of P19 had a significant effect on
IgG expression after 9 days in co-culture, but not on day 6 or before. As suggested previously for
BeYDV vectors, the kinetics of silencing suppression may not be favorable for transient
expression during short co-culture periods (Collens, et al., 2007). Thus, it is conceivable that the
duration of co-cultures in the present study (6 days) was not sufficient for strong PTGS to
develop in this tissue. This observation could explain that while both HC-Pro and P19 increased
transient GUS expression, only HC-Pro had a statistically significant effect.
The observation that PTGS was much weaker in plant cell suspensions relative to leaf
tissue could be related to the unique physiology of cell suspensions. Plant suspension cell
suspensions are composed of individual or small aggregates of dedifferentiated cells that lack
fully functional plasmodesmata due to minimal cell-cell contacts. Hence, systemic posttranscriptional gene silencing may be reduced since the silencing signal is generally transmitted
via plasmodesmata and the vascular system (Crawford and Zambryski, 1999; Doran, 2000).
Consequently, there may be other as yet unidentified limitations to gene expression besides PTGS
in plant cell suspensions that explain the low absolute expression levels relative to leaves.

2.4.3 A non-replicating vector containing a leader sequence from Cowpea mosaic virus
modified for enhanced translation led to 70% higher transient GUS expression in cell
suspensions
Sainsbury et al. recently demonstrated high-level transient expression of therapeutic
proteins from a non-replicating vector derived from CPMV in agroinfected N. benthamiana
leaves. The authors reported a massive increase in foreign protein accumulation with a vector
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consisting of the gene of interest cloned downstream of the 5‟ untranslated region of CPMV
RNA2, modified by deletion of two inhibitory in-frame start codons upstream of the main
translation initiation site (Sainsbury and Lomonossoff, 2008). In fact, in a side-by-side
comparison, this non-replicating CPMV vector yielded 5 times more anti-HIV antibody than the
analogous deconstructed CPMV replicating vector, without detrimentally impacting posttranslational modifications (Sainsbury, et al., 2010). Like most replicating viral expression
vectors, the non-replicating CPMV „hyper-translatable‟ (HT) vector requires the suppression of
host viral defense mechanisms to lead to significant accumulation of heterologous protein.
To test the hypothesis that the modified CPMV expression cassette can lead to increased
translation of GUS in plant cell suspensions, two constructs were prepared as binary vectors in A.
tumefaciens. The plasmid designated HT19-GUS contains the GUS-intron transgene cloned
between the 5‟ and 3‟ untranslated regions (UTRs) of CPMV under transcriptional control of the
CaMV 35S promoter. The P19 silencing suppressor was cloned as a second 35S expression
cassette on the same T-DNA. As a control, a second vector (designated 35S-GUS) was used to
express GUS-intron under the 35S promoter of a standard expression cassette containing the 5‟
UTR from Tobacco etch virus. Dual co-culture of N. benthamiana cell suspensions with A.
tumefaciens clones harboring both 35S-GUS and P19 on separate binary vectors resulted in a
more than 2-fold increase in GUS accumulation, relative to the 35S-GUS vector delivered alone
(Figure 2-4A). However, the difference between these two treatments was not statistically
significant due to the large variability associated with the dual co-culture (p>0.10).
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Figure 2-4. Transient GUS expression from non-replicating and replicating viral vectors in N.
benthamiana cell suspensions and leaves. (A) Non-replicating vectors contained the GUS-intron
gene downstream of a standard TEV 5‟UTR (35S-GUS) or a modified CPMV 5‟ UTR (HT19GUS). P19 was co-delivered as second binary vector (+P19) or provided as a second expression
cassette on a single binary vector (HT19-GUS). Values represent the means ± SD of samples
from three independent co-cultures or four infiltrated leaves. (B) The LSL-GUS replicationcompetent expression vector and a vector supplying P19 were co-delivered to N. benthamiana
leaves together (-Rep), or with a third binary vector providing the Bean yellow dwarf virus DNA
replicase protein (+Rep). Values represent the means ± SD of samples from seven independent
leaf infiltrations on different leaves. Means on the same axis labeled with the same Greek letter
are not significantly different from each other at the 95% significance level.
The modified CPMV 5‟UTR (HT19-GUS with integral P19) led to 74% higher GUS
accumulation relative to an analogous vector containing the TEV 5‟UTR (35S-GUS + P19). Even
though HT19-GUS led to higher levels of GUS expression than the control treatment (35S-GUS
+ P19) these two treatments were again not statistically different (p>0.05). Notably, the
combination of P19 and the CPMV 5‟ UTR vector (HT19-GUS) did result in significantly more
GUS accumulation than 35S-GUS in the absence of P19 (p<0.01). Consequently, the effects of
P19 and the CPMV leader sequence on their own provided modest but statistically insignificant
GUS expression increases. Yet when combined, these components (184% increase for the
addition of P19 to 35S-GUS, and 74% increase for the switch from TEV to CPMV 5‟UTR) led to
a synergistic (400%) increase in GUS expression that was statistically significant.
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However, even in the case of the best vector (HT19-GUS), absolute GUS expression in
cells was only about 0.5% TSP. This expression level is on the high-end of what is typically
observed in cell suspensions in our laboratory. Since P19 was provided on the same T-DNA as
the GUS transgene, this low expression cannot be due to problems related to co-delivery of
multiple T-DNAs to individual plant cells. However, absent or insufficient expression of P19
cannot be ruled out since direct measurements have not been made due to the lack of readily
available P19 antibodies/antisera.
The CPMV HT vector has demonstrated expression of GFP and IgG antibodies in excess
of 10% TSP in N. benthamiana leaf tissue (Sainsbury and Lomonossoff, 2008). Thus, to rule out
any incompatibility of the CPMV HT leader sequence with the expression or splicing of the GUSintron transgene in cell suspensions, the vector was also tested in leaf infiltrations of N.
benthamiana. As was the case in cell suspensions, the CPMV vector was associated with 70%
more GUS expression than the control vector (35S-GUS) containing the TEV 5‟UTR in the
presence of P19 (Figure 2-4A). However, in leaf tissue the difference between these two
treatments was found to be statistically significant and absolute expression levels exceeded 30%
TSP (p<0.05).

2.4.4 Absolute GUS expression levels in cell suspensions were an order of magnitude lower
than those measured for the same vectors in infiltrated leaves
Previously our group reported peak GUS expression of 0.025% TSP in the wounded,
detached leaves of N. benthamiana vacuum-infiltrated with a non-replicating construct. Based on
this peak expression using the best available methods, Andrews et al. concluded that leaves were
inferior to cell suspensions with respect to capacity for transient expression (Andrews and Curtis,
2005). We attribute the three order of magnitude increase in GUS expression levels reported in

58
the leaf infiltrations of this study to the use of improved techniques and vectors, and most
importantly the syringe-infiltration of intact leaves and co-infiltration with P19.
A deconstructed viral vector based on the Bean yellow dwarf virus was previously
investigated for its potential to increase transient GUS expression. Complementation of the
replication-competent expression vector with the viral replicase protein-supplying vector resulted
in two-fold greater transient GUS expression after 3 days of co-culture with N. glutinosa cells
(Collens, et al., 2007). Similarly, subsequent experiments reported here confirmed that this
combination of vectors resulted in a 2-fold amplification of GUS 6 days post-infiltration in leaves
of N. benthamiana co-infiltrated with A. tumefaciens clones harboring the same constructs in
addition to P19 (Figure 2-4B). However, the average expression from replicating BeYDV vectors
was 27.6% TSP in leaves, a 125-fold increase relative to N. glutinosa cells. In the present study,
the 35S-GUS and HT19-GUS expression vectors both yielded approximately 80-fold more GUS
expression in N. benthamiana leaves relative to cells in the presence of P19. A similar trend was
observed in the case of the PVX minimal amplicon co-delivered with P19 where GUS expression
was higher in leaves relative to cells by a factor of 70. Likewise, transient co-expression of a
murine IgG1 with P19 was 75-fold higher in infiltrated leaves of N. benthamiana relative to cell
suspensions co-cultured with the same A. tumefaciens clones (Boivin, et al., 2010).
The reasons for the much higher absolute expression in leaf tissue remain to be
elucidated. Mature leaves may provide a more natural environment for the attachment of A.
tumefaciens and subsequent transfer of T-DNA. Intracellular physiology is expected to be
different as well. Paradoxically, the highest yields for transient expression are usually achieved in
heterotrophic plant cells in suspension cultures undergoing rapid cell division, whereas nondividing, but metabolically active cells in fully-expanded leaves tend to work best in planta
(Sheludko, et al., 2007; O'Neill, et al., 2008). Consequently, differences in physiological state
other than cell cycle status must play an important role in mediating transient protein expression.
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The intracellular concentration of a protein reflects a balance between its rate of synthesis
and degradation. Protein degradation in cell suspensions in particular has been recognized to play
an important role in limiting overall heterologous protein yields to less than 1% TSP (Doran,
2006). Thus, strategies to amplify protein synthesis through upstream processes including
transcription and translation may be negated or obscured by the effects of increased protein
turnover. This scenario would explain why viral vectors capable of DNA replication (BeYDV),
mRNA replication (PVX), and hyper-translation (CPMV HT) all failed to increase GUS
accumulation in cell suspensions to the same degree observed in leaves of the same species.
Moreover, this protein degradation is likely non-specific since GUS is highly stable within the
cytoplasmic environment and has even been used as a protein-stabilizing fusion partner (Gil, et
al., 2001; Escribano and Perez-Filgueira, 2009).
Also worth noting are the high levels of GUS expression from the non-replicating 35SGUS construct in infiltrated leaves (24.4% TSP). In fact, this expression level is greater than the
highest achieved with a replicating PVX vector in leaf tissue (17.5% TSP) achieved in a replicate
of the experiment shown in Figure 2-3B. Statistical comparison of these treatments is precluded,
however, by the fact that these two treatments were not executed side-by-side in a single
experiment with the same batch of plants. While relative comparisons of different treatments
within an experiment were reproducible, otherwise identical experiments executed with different
batches of plants of slightly different age and/or developmental stage yielded absolute levels of
GUS that varied by as much as two-fold. Consequently, no convincing assessment should be
made between different viral vectors characterized in separate experiments. Moreover, such a
comparison is beyond the scope of this study. The level of variation observed in absolute
expression levels for a given treatment is typical for the syringe-based infiltration method, though
this variation generally goes unreported in the literature (Maureen Dolan, personal
communication). A lab-scale whole-plant vacuum infiltration method has been shown to
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significantly mitigate the quantitative variation in expression between replicate treatments and
provides more consistent product yields (<10% variability) with the same construct (Medrano, et
al., 2009).

2.4.5 In hairy roots, a movement-enabled vector derived from TRV yielded 150-fold more
GUS than the analogous PVX vector.
The TRV genome is divided into two plus-sense single-stranded RNAs that are separately
encapsidated. RNA1 encodes viral proteins responsible for replication and movement, while
RNA2 encodes the viral coat protein (MacFarlane, 1999). The nonviral gene of interest is cloned
as a replacement for two non-structural proteins required for nematode transmission located
downstream of the coat protein on RNA2. TRV has a number of properties that make it amenable
for use as a gene expression vector in roots. The smaller RNA2 is nonessential for systemic
infection of plants, such that it can be extensively modified without negatively affecting virus
stability. Also, in contrast to many other RNA viruses popular as gene expression vectors such as
Tobacco mosaic virus, TRV invades and replicates not only in the aerial organs of plants, but also
the root system (MacFarlane and Popovich, 2000).
The superiority of TRV for transient expression in hairy roots may reflect its capacity to
support large gene inserts, such as the 2 kb GUS-intron, and increased infectivity in this host
tissue. Co-cultivation of A. tumefaciens harboring the TRV vectors with N. benthamiana hairy
roots resulted in more than two orders of magnitude higher GUS expression than the analogous
full-genome PVX vector (Table 2-2). While replicating TRV and PVX vectors were reported to
express GFP to similar levels in systemically infected leaves of N. benthamiana, TRV expressed
10- to 25-fold more GFP than PVX in the roots of these ex vitro plants (MacFarlane and
Popovich, 2000). This difference in GFP expression was attributed to the root tropism
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characteristic of TRV, which is lacking in PVX. Unlike most other RNA viruses, tobraviruses
including TRV have adapted for efficient movement into the roots of infected plants. Here they
invade meristematic tissues, such as growing tips, to be ingested by specific nematode
transmission vectors (Valentine, et al., 2004). The results of the present study thus extend these
attributes to in vitro cultures of hairy roots.

Table 2-2. Comparison of different viral vectors for transient GUS expression in hairy root cocultures.
Construct
TRV2-GUS
PVX-GUS
HT19-GUS
LSL-GUS

Species
N. benthamiana
N. benthamiana
N. benthamiana
N. glutinosa

GUS (%TSP)
0.076
0.0005
0.006
0.007

Std. dev.
0.027
0.0002
0.004
0.003

Days in coculture
6
6
4
3

The use of TRV brings absolute expression levels in hairy roots that are on par with those
previously observed only in plant cell suspensions, which typically exceed levels in hairy roots by
20-fold (Collens, et al., 2007). In fact, hairy roots infected with the TRV vector expressed at least
an order of magnitude more GUS than the highest level reported with the previous best
replicating viral expression vector derived from BeYDV (Table 2-2). Even more remarkable is
that this magnitude of expression reflected that obtained from a non-optimized process. Simply
initiating the co-culture of hairy roots 7 rather than 5 days after root culture initiation significantly
increased average transient GUS expression by more than 4-fold to 0.5% TSP for a constant 6
day co-cultivation period (Figure 2-5A).
The TRV native suppressor of PTGS, the 16 kDa gene product located on RNA1, is
relatively weak compared to TBSV p19 (Martin-Hernandez and Baulcombe, 2008). Thus, even
higher transient expression of heterologous proteins is anticipated from hairy roots lines
genetically engineered to constitutively express a strong suppressor of gene silencing such as p19
or P1/HC-Pro (Mallory, et al., 2002). Finally, a TRV expression vector retaining the native 2b

62
gene (required for nematode transmission) has been shown to display increased infectivity and
root meristem invasion in N. benthamiana plants (Valentine, et al., 2004). Along these lines,
Marillonnet et al. modified the cDNA sequence of a movement-disabled Tobacco mosaic virus
vector for improved pre-mRNA processing by removing putative splice sites and inserting
multiple plant introns. Use of the optimized construct increased the efficiency of initiation of viral
replication by up to three orders of magnitude in infiltrated N. benthamiana leaves (Marillonnet,
et al., 2005). Notably, the GUS transgene employed in the present study already contains one
intron to prevent expression in A. tumefaciens where the 35S promoter is known to be active
(Collens, et al., 2007). Similar transcript modifications to the TRV genes on RNA1 and RNA2
could further improve the efficiency of primary nuclear-launched infection in hairy roots.
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Figure 2-5. Transient GUS expression from a TRV vector in N. benthamiana hairy roots. (A)
Four independent experiments were conducted over a period of 13 months. Hairy root cultures
were initiated and incubated for 5 (gray bars) or 7 days (black bars) prior to co-culture with A.
tumefaciens harboring the TRV1 and TRV2-GUS constructs. Values represent the means ± SD of
samples from three independent co-cultures after six days. Means labeled with the same Greek
letter are not significantly different from each other at the 95% significance level. (B)
Histochemical detection of transient GUS expression in representative samples collected from
Experiments 1 (top) and 4 (bottom). Hairy roots were incubated with the X-Gluc substrate in 1.7
mL microcentrifuge tubes for 60 minutes at room temperature. Images were captured with
macrophotography. Areas stained blue are positive for GUS expression.

2.4.6 Histochemical staining of TRV-infected hairy roots revealed the capacity for higher
productivity per unit biomass
Due to highly efficient transient transformation, bulk expression levels per unit of TSP in
plant leaf tissue are probably representative of those on the cellular level. In contrast, transient
expression in plant cell suspensions and hairy root cultures is relatively inefficient. In plant tissue
cultures a small minority of cells transiently express GUS at a very high fraction of their TSP, but
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this expression is diluted by the majority of the cells that express little or no GUS. Transient
GUS expression in co-cultured hairy roots was heterogeneous on the macroscopic scale (Figure
2-5B). The primary conclusion of this observation is that the transient expression levels reported
in this study represent only a fraction of the productive capacity of hairy roots for the purpose of
heterologous protein expression.
In hairy roots, only a limited number of surface cells are accessible by A. tumefaciens and
only a subset of these are actively dividing and amenable to successful T-DNA transfer and
transient expression. Thus non-movement enabled vectors such as the previously characterized
deconstructed BeYDV expression vectors are restricted to expression mainly in adventitious
laterals, root tips and the root zone of elongation (Collens, et al., 2007). The fact that hairy roots
infected with a movement-enabled TRV vector accumulated at least 10-fold more GUS than with
the best non-movement enabled vector strongly suggests that TRV viral movement occurred. Yet,
it was not sufficient to result in uniform transient GUS expression. This qualitative observation
suggests that this combination of viral vector and host tissue may be suboptimal. Consequently,
future improvements to transient expression in hairy roots will focus on improving the host‟s
ability to support viral movement and replication in as many cells as possible. As discussed above
this may involve modifying the host for reduced gene silencing or increasing the infectivity of the
TRV vector.

2.5 Conclusions
To the best of the author‟s knowledge this is the first report of the application of RNA
viral vectors for Agrobacterium-mediated transient expression in plant tissue culture.
Concentrations of transiently expressed GUS in infiltrated leaves were relatively high
independent of the vector used; non-replicating vectors containing leader sequences from TEV
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and CPMV, as well as replicating vectors derived from the RNA genome of PVX and the DNA
genome of BeYDV led to expression levels in the range of 10-40% TSP in N. benthamiana
leaves. In contrast, absolute expression levels in cell suspensions from these same vectors were
consistently an order of magnitude lower, at less than 0.5% TSP, or approximately 3 mg/L. These
results are inconsistent with the commonly held notion that the application of viral vectors to
plant cell suspensions may readily overcome the low titers characteristic of this platform.
Furthermore, the low absolute expression levels observed in cell suspensions may be due to a
factor other than just post-transcriptional gene silencing, such as rapid protein degradation. For
this reason, co-expression of a heterologous protease inhibitor represents a potential method to
down-regulate protein turnover and increase the accumulation of target protein in cell suspensions
(Goulet, et al., 2010).
A TRV vector capable of systemic movement represents the first and only vector to
achieve expression levels in hairy roots comparable to those observed in plant cell suspensions.
Furthermore we anticipate that additional improvements to this vector and host combination will
yield the high expression levels more typical of leaf agroinfiltration. Our future work will focus
on development of the hairy root platform. Hairy roots may support much higher expression
levels if challenges related to efficient viral movement and PTGS can be overcome to achieve
more homogeneous expression throughout the tissue.
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Chapter 3
Factors affecting Agrobacterium-mediated transient GUS expression in
Nicotiana cell suspensions

3.1 Summary
Improved productivity in plant cell suspensions was achieved by manipulating the host,
co-culture environment, and non-replicating expression vectors to produce conditions more
favorable for Agrobacterium-mediated transient GUS expression. Some of the factors
investigated towards this goal included the effect of rol gene integration, duration of the
subculture cycle, timing of culture initiation relative to the subculture cycle, the timing of coculture relative to culture initiation, the co-culture working volume, and the concentration of
phosphorus in the co-culture media. Of all the factors investigated only a few provided a robust
and reproducible effect on transient GUS expression.
Modification of the N. glutinosa cell suspension host by transformation with
Agrobacterium rhizogenes did not have a significant effect on average transient GUS expression
across multiple independent cell lines. In fact, the highest GUS expression (1.8% TSP) was
observed in a non-rhizogenes transformed N. glutinosa cell line with a non-replicating vector.
Temporal variations resulted in absolute expression levels that varied by as much as an order of
magnitude for identical experiments inoculated at different times. The source of this large batchto-batch variability was not identified and precluded definitive determination of the optimal coculture timing parameters since relative results could not be reproduced.
Removal of the plant selectable marker cassette from a non-replicating vector with a
constitutive promoter decreased the T-DNA size by one-third and increased transient GUS
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expression by almost 50%. In contrast, use of the smaller pGreen binary vector for increased
efficiency of in vitro procedures and replication in E. coli compromised transient GUS expression
probably due to lower copy number in A. tumefaciens; the identical GUS expression cassette
yielded 2.5-fold more GUS in the backbone of the much larger pBIN19-derived vector. Finally,
two superficially similar 35S-GUS expression cassettes on identical pBIN19-derived binary
vectors were compared for transient GUS expression. Surprisingly, a vector with a nopaline
synthase terminator sequence yielded 3.8-fold more GUS than its counterpart containing a
terminator derived from soybean vegetative storage protein B.
The concentration of phosphorus in the co-culture medium robustly and positively
correlated with transient GUS expression in N. glutinosa and N. benthamiana cell suspensions. In
N. benthamiana, doubling the concentration of potassium phosphate resulted in a 5-fold increase
in transient GUS expression. Larger co-culture working volumes in shake flasks were found to be
detrimental to transient expression, presumably due to a decreased oxygen transfer rate. Cocultures maintained in the dark yielded GUS expression levels similar to those under lighted
conditions.

3.2 Introduction
Cell suspensions are much more amenable to transient expression than hairy roots, with
expression levels typically 20-fold higher for non-replicating vectors and a replicating DNA viral
vector incapable of intercellular movement (Collens, et al., 2007). For the purpose of transient
expression, plant cell suspensions are an almost ideal host in theory since nearly all cells should
be directly accessible by A. tumefaciens and in a physiological state to receive, process, and
transcribe T-DNA (Villemont, et al., 1997). Yet on the microscopic scale, transient GUS
expression is highly heterogeneous (Figure 3-1). Consequently, productivity improvements were
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anticipated by manipulating the co-culture environment to produce conditions more favorable for
Agrobacterium-mediated transient GUS expression.
Being a homogeneous and entirely liquid
phase culture, cell suspensions are easier to work
with from both a practical and bioprocessing
perspective. Cell suspension cultures also have a
faster growth rate than hairy root cultures and,
consequently, require less time to generate
biomass. Also, hairy root cultures exist as a solid
phase of tissue with multiple cell types that
contribute to heterogeneity, whereas cell cultures
are composed of a homogeneous liquid suspension.

Figure 3-1. Plant suspension cells were
histochemically stained with X-gluc after
4 days of co-culture with a non-replicating
vector (100X magnification).

Liquid phase cultures such as plant cell suspensions
can be easily transferred volumetrically and quantitatively, while hairy root cultures require
manipulation of a non-uniform root mat. Consequently, the handling of hairy root cultures can be
more labor intensive at both the lab and pilot scales. Moreover, suspensions of plant cells being
uniform do not display the spatial heterogeneity intrinsic to hairy root cultures that complicates
reporter protein quantification (Collens, 2006). The uniform suspensions of plant cells also have
the added advantage of readily enabling aseptic removal of representative samples from a culture
without the need for destructive harvest. For the reasons listed above, initial research efforts were
focused on improving the co-culture conditions for plant cell suspensions rather than hairy root
cultures.
In previous work, cell suspension cultures established from N. glutinosa were
characterized by relatively high transient transformability and rapid growth in liquid culture as
compared to those derived from N. benthamiana and N. tabacum (Collens, 2006). More
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specifically, N. glutinosa cultures that were established from A. rhizogenes-transformed root
cultures were especially amenable to transient expression as compared to a non-transformed cell
line. The plant pathogenic bacterium, A. rhizogenes, transfers to the plant not only the rol genes
that are responsible for the hairy root phenotype, but also other genes that may prime the cells to
process newly received T-DNA (Collens, et al., 2007). However, the lack of multiple independent
transformed and non-transformed cell lines precluded definitive determination of whether A.
rhizogenes transformation had a significant effect in subsequent transient GUS expression
experiments. Alternatively, the observed effect could be attributed to variability observed
between different cell lines of similar origin. Anticipating this variability, multiple N. glutinosa
were generated to test this hypothesis.
Prior to a three order of magnitude scale-up in a stirred tank bioreactor, some of the
factors contributing to transient expression at the shake flask scale were investigated (O'Neill, et
al., 2008). These factors included the timing of Agrobacterium inoculation relative to the plant
cell growth phase, plant tissue culture hormonal triggers and plant cell culture growth-phase
synchronization. The addition of the phenolic compound acetosyringone to the co-culture to
activate the virulent response of Agrobacterium had a negligible effect on subsequent transient
expression (O'Neill, et al., 2008).
Preliminary work investigating the effects of inorganic medium composition on
subsequent transient expression focused on manipulating the composition of the maintenance
medium. Ultimately, the effect of this change on transient expression was found to be ambiguous
due to the different growth rates and cell densities that resulted from maintaining cell lines on
different media. Subsequent research instead focused on manipulating the inorganic composition
of the co-culture medium. Similarly, results from experiments involving non-synchronized
cultures suggested that some cell lines maintained on a 7 day subculture interval provided higher
transient GUS expression relative to cells maintained on a 14 day interval. However,
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inconsistencies in the inoculum cell density and physiological state in weekly-subcultured cells
precluded reliable assessment of the effect of different subculture periods on subsequent transient
expression. Consequently, later work was directed towards determining the optimal time within a
constant 14-day subculture cycle to initiate experimental cultures for Agrobacterium cocultivation.
Much of the molecular work done to improve transient expression in cell suspensions
was discussed in the context of replicating viral vectors in Chapter 2. However, concurrent work
was executed to enhance transient expression from non-replicating vectors to better understand
the influence of binary vector design and to aid in the selection of the best backbone vector
sequences for future replicating viral vectors. Most binary vectors are designed with stable plant
transformation in mind and may be suboptimal for transient expression due to the presence of
unnecessary features on the T-DNA. Consequently, a minimal T-DNA construct was engineered
specifically for transient expression of the GUS-intron gene. The flanking selectable marker gene
and its associated control elements, which are only required for stable transformation, were
spliced out of the T-DNA to reduce its length. The effect of this T-DNA size reduction was
investigated to determine the effect on subsequent transient expresssion. An alternative binary
vector with a much smaller backbone sequence was also investigated for its effect on transient
expression of GUS-intron. This latter study was motivated by the common use of this minimal
binary vector for accommodating large T-DNA inserts including the PVX expression vectors
used in this work.
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3.3 Materials and methods

3.3.1 Plasmids and bacteria used
All experimental work in this chapter was conducted with the A. tumefaciens auxotroph
cys-32 transformed with binary vectors (Collens, et al., 2004). Non-replicating vectors pGPTVKGI (35S-GUS) and pBY031-I1 (LSL-GUS) along with transformation techniques are described in
Section 2.3.5.
The binary vector pPS1 containing the TEV-enhanced dual 35S promoter and the
soybean vegetative storage protein terminator sequence (kindly provided by Hugh Mason) was
modified to include the GUS-intron reporter gene with and without the plant selection marker
(Huang and Mason, 2004). The 1.9 kb fragment containing the NPTII plant selection marker
cassette was removed from the T-DNA of pPS1 by double restriction digestion with HindIII and
PvuI. The vector backbone was then treated with Klenow to remove the 3‟ overhangs and fill in
the 5‟ overhangs leftover from the restriction digests. Blunt-end re-ligation after treatment with
Klenow resulted in pPS1ΔK. Removal of the NPTII marker was confirmed by colony PCR with
primers pGP_LB_F and pGP_RB_R to amplify a 1.49 kb fragment spanning the T-DNA region
including the NPTII and empty 35S cassettes (Table 3-1). The GUS-intron coding sequence was
PCR amplified from pGPTVK-GI using a high-fidelity polymerase and primers XbaI_GI_F and
GI_SacI_R. The PCR insert fragment along with vectors pPSI and pPS1ΔK were restriction
digested with XbaI and SacI and ligated to create pPS1ΔK-GI and pPS1-GI, respectively (Figure
3-2). Transformants were subsequently analyzed by colony PCR with primers pGP_LB_F and
pGP_RB_R2. pPS1ΔK-GI transformants yielded a 3.7 kb amplicon containing the entire 35SGUS expression cassette while pPS1-GI transformants yielded a 5.6 kb amplicon containing both
GUS and NPTII expression cassettes. Transformants were further verified by dual restriction
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digest with XbaI and SacI to release the GUS-intron transgene from the vector backbone
fragments. See Appendix K for detailed maps of these plasmids and their relevant parent
molecules including restriction enzyme recognition sites and primer binding sites used for
cloning.

RB

pGreen-GI

LB

35S/TEV 5’

GUS-intron

NOST

GUS-intron

VSPT

LB

RB

35S/TEV 5’

pPS1∆K-GI
LB

pPS1-GI

RB
NPTII

35S/TEV 5’

GUS-intron

VSPT

Figure 3-2. Schematic representation of the T-DNA regions of the non-replicating binary GUS
expression vectors described in this section. Control elements are illustrated in black boxes and
coding sequences are shown in white or blue boxes. pPS1 vectors contain a backbone sequence
derived from pBIN19 (pGPTV-Kan) while pGreen-GI was derived from pGreenII0000. Refer
to Table 3-2 for more details. 35S, dual enhanced Cauliflower mosaic virus (CaMV) 35S
promoter; TEV 5‟, Tobacco etch virus 5‟ untranslated region; LB and RB, left and right TDNA borders; NOST, nopaline synthase terminator; VSPT, soybean vegetative storage protein
B 3‟ untranslated region; NPTII, expression cassette conferring kanamycin resistance.
The empty binary vector pGreenII0000 (kindly provided by Michael Axtell) was
modified to include the 35S-GUS expression cassette from pGPTVK-GI (Hellens, et al., 2000b).
pGreen-GI was created by digesting pGPTVK-GI with PstI and ligating a 3.0 kb gel-purified
fragment containing the 35S promoter, GUS-intron and termininator sequence into pGreenII0000,
also digested with PstI. PCR verification of transformant colonies was accomplished with primers
pGreen_F and pGreen_R2 (Table 3-1). A restriction digest with XhoI confirmed the presence of
the 35S-GUS insert in the reverse orientation.
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Table 3-1. Sense (F) and antisense (R) oligonucleotides used for PCR amplifications with added
restriction sites underlined and 5‟ extensions in bold. Initiation codons are italicized.
Sequence (5’ – 3’)

Primer
pGreen_F
pGreen_R2
pGP_LB_F
pGP_RB_R
pGP_RB_R2
XbaI_GI_F

CGACGGTATCGATAAGCTTG
CGGAATTAACCCTCACTAAAGG
TCAGGCTGCGCAACTGTTGG
CCGCAACGATTGAAGGAGCC
CCCTGTGGTTGGCATGCAC
TATGGTCTAGAATGGTCCGTCCTGTAGAAAC
AATATGAGCTCTCCTCATTGTTTGCCTCCCTG
GI_SacI_R
CTGC
MCS, multiple cloning site.

Hybridization site
5‟ of pGreenII MCS
3‟ of pGreenII MCS
Internal to left T-DNA border
Internal to right T-DNA border
Adjacent to right T-DNA border
5‟ terminus of GUS-intron
3‟ terminus of GUS-intron

3.3.2 Generation of cell suspension cultures
The establishment and maintenance of N. benthamiana cell suspensions is described in
Section 2.3.1. Non-transformed cell suspensions of N. glutinosa were established by the same
method previously described for N. benthamiana. N. glutinosa cell suspension cultures were
subsequently maintained on hormone-containing MSG media (Appendix A). Suspensions were
serial subcultured every 7 or 14 days by transferring 2.5-5 mL into 50 mL of fresh MSG media in
125-mL Erlenmeyer flasks and returning the same volume to the original flask to maintain a final
volume of 50 mL. Callus generated from individual plants was used to separately establish
multiple independent cell lines consisting of fine liquid suspensions.
Aseptically-grown N. glutinosa seedlings were transformed with A. rhizogenes (ATCC
15834). New growth exhibiting the hairy root phenotype was cured of bacteria by culture on B5
media supplemented with 300 mg/L cefotaxime. Transformed root segments were then placed in
MSG media to induce callus formation for the establishment of cell suspension cultures of A.
rhizogenes-transformed N. glutinosa.
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Nicotiana glutinosa cell lines constitutively expressing GUS were generated by the
technique of co-transformation (Torregrosa and Bouquet, 1997). A. rhizogenes (ATCC 15834)
harboring the binary plasmid pGPTVK-GI was used to transform aseptically grown seedlings of
N. glutinosa. Individual roots that formed at sites inoculated with A. rhizogenes 15834
(pGPTVK-GI) were maintained on solid B5 media supplemented with 300 mg/L cefotaxime and
50 mg/L kanamycin to cure the cultures of Agrobacteria and to select for transformants,
respectively. Cell suspension cultures were generated from these root cultures by placing roots
onto MSG solid media. Callus that formed was subsequently maintained in MSG liquid media
supplemented with 150 mg/L kanamycin after it was determined that lower concentrations were
insufficient to stably maintain transgene expression.

3.3.3 Comparison of A. rhizogenes-transformed and non-transformed cell lines for transient
expression
Cultures were initiated by adding 8 mL of 14 or 7-day old culture to 30 mL of 1X MSG;
co-culture was initiated 24 hours later by inoculation with cys-32 pGPTVK-GI as described in
Section 2.3.5. Acetosyringone and cysteine were added at the time of co-culture at a final
concentration of 100 μM and 0.94 mg/L, respectively. Co-cultures were sampled after 4 days for
detection of GUS (Section 2.3.3). The experiment was repeated the following week using an
independently maintained set of staggered cultures.

3.3.4 Variation in transient expression levels between replicate experiments
Cultures were prepared for an experiment by transferring 5 mL of 2-week-old N.
glutinosa cell culture maintained on a biweekly subculture interval into 125-mL flasks containing
30 mL of MSG media at one-third dilution. The culture growth was monitored by measuring
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media refractive index on a daily basis. Refractive index measurements were conducted using 150
µL samples of co-culture supernatant measured on a digital refractometer (Leica AR600).
Refractive index was used to monitor the sugar concentrations in the culture medium
(Ramakrishnan et al.-1999).
Following sucrose depletion as determined by minimal change in media refractive index
over 24 hours, the cultures were maintained in stationary phase for approximately 1 day. After
one day at stationary phase, 20 mL of MS macronutrients and sucrose, both at double the
concentration used in MSG media, were added to each flask. Agrobacterium tumefaciens cys-32
harboring pBY031-I1 was then added to initiate co-culture one day after the addition of
macronutrients and sucrose as described in Section 2.3.2. Acetosyringone and cysteine were
added at the time of co-culture at a final concentration of 100 μM and 0.94 mg/L, respectively.
Co-cultures were sampled after 3 days for detection of GUS (Section 2.3.3).

3.3.5 Effect of the timing of inoculation relative to subculture and the incubation period
prior to co-culture initiation
For the preliminary study, N. benthamiana cells were initiated and co-cultured as
described in Section 2.3.2 except that 7-16 day-old cells maintained by biweekly subculture were
initiated into co-culture media containing 5.0 mM KH2PO4. All flasks were co-cultured with A.
tumefaciens cys32 pBY031-I1 0-48 hours after initiation as in Section 2.3.2. After 3 to 5 days of
co-culture, ~1.5 mL samples were aseptically collected and stained with X-Gluc for 2 hours
(Section 2.3.3).
For the follow-up study 8-14 day-old N. benthamiana cultures maintained by biweekly
subculture were initiated and co-cultured 0 or 24 hours later with cys32 pGPTVK-GI as described
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in Section 2.3.2. GUS activity was quantified by the MUG assay after 6 days of co-culture
(Section 2.3.3).

3.3.6 Effect of phosphate concentration
For the phosphate-limited growth experiment 5 mL of 13-day old N. glutinosa cultures
maintained on a 14-day subculture interval were inoculated into 30 mL of one-third strength
MSG synchronization media containing 1/3X, 2/3X, 1X, 2X, or 4X the basal concentration of
potassium phosphate (1.25 mM); all media were pH adjusted to 5.7. The level of inositol was
maintained at 100 mg/L (1X) for all treatments except for the 4X phosphate treatment. To
maintain the phosphate to inositol mole ratio below 6 in this treatment, the level of inositol was
increased to 150 mg/L. Note that phosphate is taken up and sequestered as phytic acid (inositol
hexakisphosphate) to maintain intracellular homeostasis of free phosphate (Curtis, 1988).
Refractive index was monitored daily and cultures were grown to sucrose depletion and
maintained under sucrose-starvation conditions for approximately 24 hours. Then potassium
phosphate-free media containing sucrose and MS macronutrients at 2X basal levels was added to
all cultures to restart growth. Aliquots of 5 mL were harvested from each flask for dry weight
(DW) determination and media phosphate analysis 0, 24 and 38 hours following 2X nutrient
addition. Flasks were destructively harvested at 50 hours. The initial growth rate was determined
as the change in DW cell density over the first 24 hours of growth. Complete cellular uptake of
phosphorus prior to addition of 2X media spike was confirmed by quantifying the concentration
of phosphorus remaining in the media using the colorimetric inorganic phosphate assay of
Murphy and Riley provided in Appendix B. The concentration of media phosphorus was
determined to be below the detection limit (40 μM) for all five treatments.
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For the follow-up transient GUS expression experiment, 5 mL of 7-day old N. glutinosa
cells maintained by weekly subculture was added to 15 mL of MSG media supplemented with
1.25, 2.5, or 5 mM potassium phosphate. All treatments were replicated in duplicate flasks.
Agrobacterium tumefaciens cys-32 harboring pBY031-I1 was then added to initiate co-culture
one day later as described in Section 2.3.2. Acetosyringone and cysteine were added at the time
of co-culture at a final concentration of 100 μM and 0.94 mg/L, respectively. After 4 days of coculture samples were collected and stained with X-Gluc for 15 minutes (Section 2.3.3).

3.3.7 Effect of co-culture working volume in shake flasks
Duplicate cultures were prepared for this experiment by transferring 5 mL of 7-day old N.
glutinosa cell culture maintained on a weekly subculture interval into 125-mL flasks containing
30 mL of MSG media at one-third dilution. All treatments were sucrose-synchronized as in
Section 3.3.4. Just prior to 2X media addition, culture volumes were adjusted by transferring 3.5
or 7 mL aliquots of cell suspensions from the low to high volume treatments. Double-strength
media volumes were corrected for culture working volume to obtain the equivalent of 1X MSG
following addition. One day later, Agrobacterium tumefaciens cys-32 harboring pGPTVK-GI was
then added at 1% of the working volume to initiate co-culture. Acetosyringone and cysteine were
added at the time of co-culture at a final concentration of 100 μM and 0.94 mg/L, respectively.
Co-cultures were sampled after 3 days for detection of GUS (Section 2.3.3). The rate of biomass
accumulation over the 3 day co-culture was estimated based on the initial and final concentration
of sucrose as measure by the refractive index of the filtered media.
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3.3.8 Effect of binary vector and T-DNA configuration
In this experiment triplicate flasks for each treatment were initiated by adding 5 mL of 8day old N. glutinosa cells maintained by biweekly subculture to 15 mL of MSG media
supplemented with 5.0 mM potassium phosphate. A. tumefaciens cys-32 harboring the
appropriate binary vector was added to initiate co-culture 24 hours later as described in Section
2.3.2. After 4 days of co-culture samples were collected for quantitative GUS analysis (Section
2.3.3).

3.3.9 Light had a negligible effect on transient GUS expression
For this study, 14 day-old N. benthamiana cultures maintained by biweekly subculture
were initiated and co-cultured immediately with cys-32 pGPTVK-GI as described in Section
2.3.2. Co-cultures were maintained in a 23°C incubator on a 0.5” orbital shaker at 125 RPM
under fluorescent lights with a 16 hour photoperiod at light intensity of 60-85 μE/m2/s. Control
flasks were wrapped in aluminum foil and covered with a dark cloth adjacent to the light
treatment flasks. After 6 days of co-culture samples were collected and stained with X-Gluc for
60 minutes; no qualitative difference in GUS expression was visible between treatments.
Additional samples were analyzed by the fluorometic MUG assay (Section 2.3.3). Both
treatments were replicated in triplicate flasks.
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3.4 Results and discussion

3.4.1 Comparison of A. rhizogenes-transformed and non-transformed cell lines for transient
expression
To more definitively determine if A. rhizogenes-transformation correlates with increased
amenability to transient expression, eight A. rhizogenes-transformed, and seven non-transformed
cell suspension cultures were established. After a prolonged period of maintenance as liquid cell
suspensions (8+ months) on a regular subculture interval, these independent cell lines were
assessed for transient GUS expression capacity in a repeated experiment (Figure 3-3). After
averaging the results from the two experiments, transient expression was found to be statistically
indistinguishable between the two treatments (p>0.1). This result implies that subtle differences
inherent to different cell lines (such as those due to somaclonal variation) may be more important
than whether or not they were previously transformed with A. rhizogenes. Note that PCR
screening was not completed to confirm the transgenic status of the transformed lines (i.e. the
complete integration of the all the rol genes) or the T-DNA locus, which could also affect rol
gene expression.
A similar number of N. tabacum cv. Xanthi cell cultures were established to test the
hypothesis that A. rhizogenes-transformed cell lines are more amenable to transient expression in
a different species. Xanthi cell lines, however, failed to grow successfully in liquid culture despite
attempts to use tobacco-specific media formulations.
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Figure 3-3. Transient expression of GUS from untransformed (1-7) and A. rhizogenestransformed (8-15) N. glutinosa cell lines. Columns represent two independent experiments
executed on staggered batches of each biweekly-subcultured cell line except for cell line 3
which was subcultured every 7 days.
This hypothesis was not tested in root cultures due to their low amenability for transient
expression relative to cell suspensions and a lack of historical precedent. Previously, nonrhizogenes-transformed root cultures of N. glutinosa were generated by excising the roots from
aseptically grown seedlings. When compared to a transformed root line of the same species,
transient expression was found to be statistically indistinguishable between the two treatments
(Collens, et al., 2007).

3.4.2 Variation in transient expression levels between replicate experiments
In addition to the variation observed between cell lines, another layer of temporal
variation exists within each cell line. Staggered cultures of each cell line generally demonstrated
poorly reproducible transient expression over the course of the two experiments, with a number
of cell lines failing to demonstrate any significant level of transient GUS expression (Figure 3-3).
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It is apparent that the variation between cell lines may be even greater than the variation within a
given cell line under these experimental conditions.
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Figure 3-4. Reproducibility of repeated transient expression experiments in an N. glutinosa
cell suspension culture (cell line 4 designated „NG-F‟). Experimental treatments were
inoculated from 14-day-old cells and synchronized prior to a 3 day co-culture. The transgenic
controls represent cells simultaneously harvested from an independently maintained N.
glutinosa cell line transformed to constitutively express GUS (not harvested for experiments 1
and 7).
The highest absolute expression of GUS (1.81% TSP) was observed in a non-transformed
cell line of N. glutinosa maintained on a 7-day subculture interval with the 35S-GUS vector,
pGPTVK-GI. A similar peak level of transient expressioni (1.78% TSP) was previously observed
under slightly different experimental conditions in the same cell line maintained with a 14-day
subculture interval when co-cultured with pBY031-I1. Notable, neither of these high-performing
co-cultures coincided with a replicating vector, or special treatment or optimization. These
expression levels represent the maximum yield from transient expression described in this work.
Unfortunately, these peak expression levels from this line were not reliably reproduced in later
experiments conducted under similar conditions (Figure 3-4). For comparison, the highest
transient expression of GUS previously reported was 0.5% TSP from a rhizogenes-transformed

83
cell line of the same species (Collens, 2006). Again, this high titer was not associated with viral
replication or other special treatment and was not reproduced in subsequent experiments.
One mechanism which may play an important role in the temporal variability associated
with transient expression from an individual cell line involves the nature plant cell suspension
batch culture. The high minimum inoculation density required for plant cells combined with their
prolonged doubling time (approximately 55-75 hours for N. glutinosa during exponential growth)
leads to a culture “memory” effect where the subculture history becomes important to current
culture behavior and performance. Because plant cells undergo a maximum of 3 to 4 divisions in
a batch time-course, the resulting daughter cells may in effect “remember” previous culture
conditions (Curtis, et al., 1991). For this reason, transient expression experiments are dependent
not only on the conditions of the co-culture, but also the previous conditions and the
physiological state of the cells several weeks prior to the initiation of the experiment. Thus, the
culture memory effect greatly amplifies the number of variables that may influence subsequent
experiments. To minimize this effect, cultures were maintained on strict subculture schedules.
However, despite rigorous maintenance procedures, observed expression levels for controls still
varied by an order of magnitude between identical experiments inoculated at different times
(Figure 3-4).
For cell lines maintained on a 14-day subculture interval, it was not unusual for 6 or more
of those days to be spent in stationary phase; sucrose depletion (as estimated by refractive index)
occurred in the first 6-8 days for most cell lines. One way to minimize the time cells spend in
stationary phase and keep them in a more physiologically active state is to subculture them more
frequently. However, a comparison of 7- and 14-day subculture intervals for several fast-growing
cell lines failed to demonstrate a generalized trend with respect to effect on transient GUS
expression. Thus, optimal subculture interval appears to be cell-line dependent and thus definitive
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conclusions could not be drawn as to the optimal physiological state for initiating cells into
transient expression experiments.

3.4.3 Effect of the timing of inoculation relative to subculture and the incubation period
prior to co-culture initiation
Preliminary experiments qualitatively
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Figure 3-5. Qualitative analysis of transient
expression of GUS from N. benthamiana cell
suspensions. 7 to 16 days following subculture
cells were immediately co-cultured (+0d) or
incubated for 1 to 2 days (+1d; +2d) prior to
addition of Agrobacteria. Numbers below cell
samples represent refractive index in nonsucrose depleted co-cultures.

extended period of time in stationary phase and would no longer be actively dividing. Moreover,
the immediate addition of Agrobacteria following culture initiation would not provide any time
for the plant cells to recover and re-enter a growth phase prior to co-culture. This is
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counterintuitive since it is thought that the co-culture process is stressful on plant cells. In fact,
any pre-incubation of 14-15 day-old cells was found to be highly detrimental to subsequent
transient GUS expression in this experiment (14+2d and 15+1d).
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Figure 3-6. Transient GUS expression from N. benthamiana cell suspensions with the 35S-GUS
binary vector after 6 days of co-culture. (A) 8 to 14 days following subculture, cells were
inoculated into media containing 2x basal concentration of potassium phosphate and immediately
co-cultured (+0d) or incubated for 1 day (+1d) prior to addition of Agrobacteria. (B) Cultures
were inoculated from a 14 day-old culture into media containing concentrations of potassium
phosphate ranging from that found in basal MS media (1x) to 3x that amount. Co-culture with
Agrobacteria was initiated immediately (+0d) for these treatments. Values represent the means ±
SD of samples from two* or three independent co-cultures. Means labeled with the same Greek
letter are not significantly different from each other at the 95% significance level according to
Welch‟s t-test.
It is also clear that cells that were incubated prior to co-culture reached sucrose depletion
sooner than those in which co-culture was initiated immediately. After 5 days of co-culture the
16+0d treatment still had not reached sucrose depletion and had accumulated more GUS than was
present 4 days post-inoculation. Thus, it was concluded that 6 days of co-culture would provide
for near optimal transient expression for this particular treatment and coincide with sucrose
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depletion, after which no more GUS accumulation is expected. This latter phenomenon can be
observed in the 7+2d and 8+1d treatments where GUS expression peaked in samples harvested
during or following sucrose depletion on 5 and 4 dpi, respectively.
In an attempt to confirm these conclusions, this experiment was repeated with replicate
flasks and subjected to quantitative GUS analysis. Surprisingly trends were actually reversed in
this follow-up experiment conducted a few months later. In this experiment the 8+1d treatment
yielded the highest GUS expression (Figure 3-6A). Absolute expression levels were much lower
in this experiment and differences between treatments were far less distinct; all four treatments
were statistically similar to each other. The different relative results provided by these two
experiments cannot be reconciled based on the slight differences in experimental design.
Unfortunately these kinds of erratic results were characteristic of transient expression
experiments in plant cell suspensions. While relative expression levels from different constructs
were generally reproducible independent of the experimental conditions and temporal effects,
absolute expression levels varied widely from one experiment to the next. Furthermore, attempts
to determine optimal co-culture conditions often led to inconsistent or contradictory results
between experiments testing the same or similar treatments.

3.4.4 Effect of phosphate concentration
The objective of the experiments in this section was to quantitatively assess the impact of
media phosphate content on transient expression. First it was confirmed that potassium phosphate
limited the rate of growth for N. glutinosa cultures. Then the concentration of phosphate in the
co-culture media was correlated with transient GUS expression level.
An empirical connection between high levels of transient GUS expression and rapidly growing
plant cell suspension co-cultures was previously established (O'Neill, et al., 2008). A
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synchronization procedure was developed to provide for a period of initial growth followed by
nutrient exhaustion then fresh concentrated nutrient addition and a second round of growth (see
schematic in Appendix F). As a result, transient expression was carried out in a culture of rapidly
dividing, sucrose-starvation synchronized cells. These results were in agreement with work that
established an absolute requirement of host cell S-phase (DNA duplication) for Agrobacteriummediated T-DNA transfer and transient expression (Villemont, et al., 1997). T-DNA transfer is
dependent on host cell cycle because host replication machinery, such as DNA polymerases, are
required to convert the initially single-stranded T-DNA provided by A. tumefaciens into doublestranded DNA from which mRNA can be transcribed. The transcribed mRNA then serves as a
template for translation into heterologous proteins by host ribosomes. DNA polymerases are only
present in the nucleus of plant cells during replication of the host genome, which always precedes
cell division. Thus, the high rates of cell division associated with rapid biomass accumulation
may establish favorable conditions for transient protein expression. Consequently, manipulating
the physiological and physical co-culture conditions to foster enhanced rates of biomass
accumulation during the co-culture period may increase the amount of GUS accumulated per unit
biomass. Previous experiments did not identify the specific co-culture conditions which led to the
rapid growth rate of the cell suspensions and the concurrently high transient GUS expression.
However, under nutrient-limited conditions, increasing the concentration of the growth-rate
limiting nutrient has the potential to increase growth rate.
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3-8) and N. benthamiana (Figure 3-6B) cell suspension co-cultures. Maximal GUS expression
was associated with a media concentration of 5.0 mM and 2.5 mM KH2PO4 in N. glutinosa and N.
benthamiana, respectively. Despite the clear positive relationship between GUS expression and
phosphate concentration observed with the qualitative assay, quantification of N. glutinosa
samples from the same treatments with the fluorometric MUG assay yielded conflicting results
(Figure 3-8). Sample instability during the prolonged (2+ year) storage at -20°C cannot be ruled
out as a causative factor, although the apparent lack of significant degradation in the 1x treatment
samples is suspect.
In N. glutinosa 5.0 mM potassium phosphate was saturating, as additional
supplementation did not yield more GUS accumulation (qualitative results not shown). In N.
benthamiana, doubling the concentration of potassium phosphate resulted in a significant 5-fold
increase in transient GUS expression (Figure 3-6B). The beneficial effect of increasing co-culture
media phosphate concentrations appears to be a robust phenomenon, independent of species.
Thus, the growth-rate limiting concentration of phosphate found in basal MS media may be
suitable for cell line maintenance, but provided suboptimal conditions for transient protein
expression.

3.4.5 Effect of the co-culture working volume in shake flasks
Surprisingly, manipulation of an extensive variable, the co-culture liquid working
volume, dramatically influenced two intensive properties: the rate of biomass accumulation per
unit volume and the concentration of GUS per unit biomass (Figure 3-9). As was the case for
phosphorus, the final concentration of GUS positively correlated with conditions promoting more
rapid biomass accumulation over the duration of the co-culture. Less intuitive, but equally
important is the negative correlation observed between co-culture volume and the rate of biomass
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accumulation. To interpret this unusual result an entirely different operating regime must be
considered where oxygen, rather than phosphate, serves as the growth-rate limiting nutrient.
Oxygen-limited conditions within the co-culture may occur due to the combined
respiration of plant cells and bacteria (oxygen uptake rate) exceeding the capacity for oxygen
transfer into the co-culture. For example, the oxygen transfer rate for 50 mL of liquid in 125-mL
flask at 150 RPM on an orbital shaker with a 0.6" stroke has been measured to be 150 mL air/L/hr
(Curtis and Tuerk, 2006). This value was calculated assuming maximal driving force, a reported
kLa of 4.83 hr-1, and an oxygen solubility of 4.8 PPM in water at 25°C. In contrast, the oxygen
uptake rate in the 55 mL co-culture can be estimated to be 208 mL air/L/hr assuming a yield of
0.594 gDW per g sucrose (Curtis and Emery, 1993), 2 L air/gDW (Zaharis, 1988) and a cellular
carbon content of 50%. This analysis suggests that oxygen-limiting conditions may prevail for coculture volumes in the range tested in this experiment.
In shake flasks, the rate of oxygen transfer into the liquid phase can be defined as the
product of the volumetric liquid phase mass transfer coefficient kL and the concentration driving
force:

r 
O2

supply

 kL

A *
CO2  CO2 
V

1

where CO2 is the molar concentration of oxygen in the liquid phase, which can vary from zero



(under maximal driving force conditions) to the saturated concentration of dissolved oxygen,
C*O2. At steady state, oxygen supply must equate with oxygen demand which is a function of the
biomass yield on oxygen, YX/O2 and the rate of biomass accumulation:

r 

O2 demand





dX(t) 1
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Equations 1 and 2 can be combined with the assumption of maximal driving force (CO2 =
0) to solve for the approximate rate of biomass accumulation under oxygen-limited conditions:

dX (t )
A
 YX / O2 kL CO* 2
dt
V

3

where the mass transfer coefficient in the liquid boundary layer kL, the saturated
concentration of dissolved oxygen, C*O2, and the yield of biomass produced per gram of oxygen
YX/O2, are all constant with respect to the surface area, A, and the liquid volume, V. Thus Equation
3 demonstrates that under oxygen-limiting conditions, the growth rate of the culture becomes
independent of the specific growth rate, cell concentration, and time. Moreover, the predicted
inverse relationship between the rate of biomass accumulation and the co-culture volume is
consistent with experimental results for liquid volumes exceeding 44 mL. These results suggest
that even relatively slow-growing plant tissue cultures may be subjected to oxygen-limiting
conditions under typical shake flask co-culture conditions. Specifically, volumes in excess of
about 40 mL were clearly undesirable, as the rate of biomass accumulation and the concentration
of GUS per unit biomass were reduced. Below this critical volume, both the rate of biomass
accumulation and the concentration of GUS per unit biomass are expected to be independent of
liquid volume. Notably, attempts to reproduce these results in N. benthamiana cell suspensions
were unsuccessful; a 55 mL co-culture yielded higher transient GUS expression than a 20 mL coculture after 6 days despite reduced sucrose consumption and final DW cell density in the larger
volume co-culture (qualitative results not shown).
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Figure 3-9. Effect of varying co-culture volume on transient GUS
accumulation (grey bars) and estimated linear biomass accumulation rate
(red diamonds) in N. glutinosa cells.

3.4.6 Effect of binary vector and T-DNA configuration
To aid in the design of improved vectors for transient GUS expression in plant cell
suspensions four different binary vector configurations were tested. Two binary vectors of vastly
different sizes and with different origins of replication were compared. The effect of removing
the unnecessary plant selectable marker was also investigated to determine whether minimizing
the size of the T-DNA would have a positive effect on transient GUS expression. These latter
results are discussed in the context of related work in the literature involving other nonreplicating transient expression vectors.
As part of a sophisticated parasitism, A. tumefaciens transfers a discrete portion of its
DNA into the nuclear genome of the host plant. Most of the vir genes necessary for this DNA
transfer reside on a disarmed tumor-inducing (Ti) plasmid resident in the Agrobacterium strain.
The gene(s) to be transferred are contained within the transfer DNA (T-DNA) region, which is
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provided on a separate plasmid known as a binary vector (Hellens, et al., 2000a). The T-DNA
sequence is bordered by imperfect repeats on both sides; the region outside of and including the
T-DNA borders is referred to as the vector backbone, and contains the sequences required for
replication and selection in E. coli and Agrobacterium. Inside the T-DNA borders there is often a
selectable marker gene, coding for antibiotic or herbicide resistance, required for the selection of
stably transformed cells with nuclear integration of the T-DNA.
The pGreen binary vectors have been designed for increased efficiency of in vitro
manipulations through reduced size of the backbone sequence. The size of the pGreen binary
vector containing a plant selectable marker (4.6 kb) is small relative to its predecessors such as
pBIN19 (11.8 kb). pGreen binaries can also easily be engineered without plant selection markers,
which are required for stable, but not transient transformation. These two features make pGreen
an appealing choice for inserting large T-DNA sequences such as cDNAs containing entire viral
genomes.
There are several known disadvantages for the pGreen binary vectors. These include the
necessity to co-transform a second helper plasmid into Agrobacterium along with the binary
vector, as well as less efficient replication in Agrobacterium. Important Agrobacterium
replication functions are provided in trans on a separate co-resident helper plasmid called pSoup.
By providing these functions on a separate plasmid, the size of the pGreen binary plasmid is kept
to a minimum. pGreen binaries contain the broad host range pSa origin of replication with the
associated replication proteins encoded on pSoup. In contrast, pBIN19 binaries (including pSoup)
contain the RK2 origin along with trfA which recognizes and promotes replication from the RK2
origin integrated into the backbone sequence of the binary plasmid. The downside of the pSa
origin is that the copy number of plasmids with this origin tends to lower than for plasmids with
RK2 origins. This is not a problem for maintenance in E. coli because a second origin (ColEI)
results in high copy numbers; this is the same origin used in the original pUC series of E. coli

94
vectors. The relative copy number of pGreen to pBIN19-derived plasmids was estimated to be
3:11 (Hellens, et al., 2000b). Furthermore, the pSa origin of replication is also known to
compromise the plasmid stability of pGreen binary vectors. In the absence of antibiotic selection
50% of Agrobacterium colonies dropped pGreen after only 1 day, as compared to 5.5 days for a
control pBIN19-derived plasmid.
Less stable and less efficient binary vector replication in Agrobacterium did not have any
deleterious effect on stable transformation efficiency of several plant species as compared to
other binary Ti vectors that contain the RK2 origin (Hellens, et al., 2000b). However, the
efficiency of pGreen relative to pBIN19 for transient expression has not been assessed. The
pGreen binary vector has been used to host large viral cDNAs including viral expression vectors
derived from Cucumber mosaic virus , Tobacco rattle virus, Tobacco mosaic virus, and Potato
virus X (Shoji, et al., 2009; Green, et al., 2009; Lu, et al., 2003; Ratcliff, et al., 2001). This is the
case of pGR106, a PVX expression vector cloned into the multiple cloning site of a pGreen
binary plasmid. One of the goals of this research was to determine if use of the pGreen binary
plasmid compromised the transient expression efficiency of the cys-32 Agrobacterium auxotroph.
With this knowledge the decision could be made as to whether or not it made sense to transfer the
entire PVX expression cassette to a pBIN19 vector.
To test this hypothesis, a 35S-GUS expression cassette was cloned into a pGreen binary
vector (pGreen-GI). In N. glutinosa cell suspensions the pBIN19-derived binary plasmid
(pGPTVK-GI) yielded 2.5-fold more GUS than the same expression cassette on the pGreen
binary plasmid (Figure 3-10). Thus it was concluded that transient GUS expression was
negatively affected by the use of pGreen binary vectors in Agrobacterium. This reduction in
transient expression could be a consequence of the lower copy numbers of pGreen-GI in
Agrobacterium, which could in turn reduce the number of T-DNAs transferred to plant nuclei.
Alternatively, the reduced stability of pGreen-GI could have resulted in the proliferation and take-
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over of untransformed Agrobacteria relatively early on in the 4-day co-culture process. This
instability could have reduced the total number of plant cells transiently transformed with
heterologous DNA. This problem would not be expected for a pBIN19-derived vector like
pGPTVK-GI since it is comparatively stable in the absence of antibiotic selection.
Notably, the comparison of binary vectors described above did not control for another
important difference between these two vectors: pGPTVK-GI contains a kanamycin resistance
marker cassette within the T-DNA borders while pGreen-GI lacks this feature (Table 3-2).
Counter to intuition, inclusion of the NPTII resistance marker cassette has been demonstrated to
consistently yield higher levels of transient GFP expression in agroinfiltrated N. benthamiana
leaves when co-delivered with p19 in the absence of selection pressure (Sainsbury, et al., 2009).
The authors suspect that this may be a consequence of an increase in plasmid copy number in
Agrobacteria harboring the additional kanamycin resistance gene. Alternatively, since the NPTII
cassette was adjacent to the T-DNA left border (LB), it may protect the downstream genes
required for GFP expression from extensive degradation of the T-DNA LB during transfer to
plant nuclei. When the NPTII cassette is oriented adjacent to the right border rather than between
the left border and genes of interest, up to 50% of stably-transformed kanamycin-resistant plants
may have truncated T-DNA insertions due to this effect (van Engelen, et al., 1995).
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Figure 3-10. Comparison of transient GUS expression from four different non-replicating
constructs (described in Table 3-2) in N. glutinosa cell suspensions. Values represent the
means ± SD of samples from three independent co-cultures. Means labeled with the same
Greek letter are not significantly different from each other at the 95% significance level
according to Welch‟s t-test.
In N. glutinosa cells, omission of the plant selectable marker (pPS1ΔK-GI) actually led to
statistically significant 47% increase in transient GUS expression relative to the control treatment
(pPS1-GI). The reason for this increase could be due to increased efficiency of delivery of shorter
T-DNAs, or higher accumulation of transgene in the absence of competing products. Whatever
the reason, this enhancement was inconsistent with the report described above for agroinfected
pBIN19-derived vectors in leaf tissue. This discrepancy could be related to the difference in the
composition of the transgene and leader sequence (TEV 5‟UTR fused to GUS vs. modified
CPMV RNA2 5‟ UTR fused to GFP) or the absolute levels of expression, which were 100-fold
lower in cell suspensions relative to leaves. In leaves, PTGS also plays an important role and the
co-infiltration of p19 was required to achieve the reported GFP expression levels from the CPMV
vector. Similar levels of transient GFP expression (~20% TSP) have been reported in the leaves
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of N. benthamiana co-infiltrated with p19 and a 35S promoter driving GFP fused to tCUP
translational enhancer and a tobacco secretory signal peptide for subcellular targeting to the ER.
In the latter case minimizing the T-DNA size by deleting the selectable marker did not affect the
accumulation of GFP (Joensuu, et al., 2009).
Table 3-2. Description of different GUS binary expression vectors used for transient expression in
plant cell suspensions. All vectors contain the dual-enhanced CaMV 35S promoter and TEV 5‟
UTR combination driving GUS-intron expression as shown in Figure 3-2.
Construct

Backbone
T-DNA
1
origin
kb
kb
marker
Term.
Kozak seq.3
pGPTVK-GI
pGPTV-Kan
8.6
5.6
NPTII
Nos
GCCATGG
pGreen-GI
pGreenII0000
3.8
2.6
N/A
Nos
GCCATGG
pPS1ΔK-GI
pGPTV-Kan
8.6
4.1
N/A
VSP
AGAATGG
pPS1-GI
pGPTV-Kan
8.6
6.0
NPTII
VSP
AGAATGG
The pGPTV-Kan backbone was derived from pBIN19 (Becker, et al., 1992). The context
surrounding the initiation codon (bolded) of GUS-intron is shown with the +4 and -3 Kozak
consensus positions underlined. NPTII, Neomycin phosphotransferase II confers kanamycin
resistance; Nos, nopaline synthase terminator sequence; VSP, soybean vegetative storage protein
terminator sequence.
Finally, relative to pPS1-GI, use of the similar pGPTVK-GI resulted in 3.8-fold more
GUS expression (Figure 3-10). Both vectors were derived from pBIN19, similar in overall size,
and contain the same plant selectable marker in the T-DNA region. Thus this difference in
expression may be attributed to the differences in the context of the GUS translational initiation
codon or the different terminator sequences used. One study has shown a modest increase in
transient GFP expression when the Agrobacterium nopaline synthase terminator was replaced
with the soybean vegetative storage protein B terminator (Joensuu, et al., 2009). Consequently,
use of the nopaline synthase terminator in pGPTVK-GI should be detrimental to GUS expression,
whereas the opposite pattern was observed. This finding suggests that the increased GUS
expression from this vector was not due to more efficient transcriptional termination. Another
possible explanation relates to differences in translation initiation efficiency due to disparate
Kozak consensus sequences. Plant mRNA sequences adhere to a consensus motif in positions -3
and +4 relative to the initiation codon where A -3 and G +4 strongly stimulate translation in
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plants (Kozak, 2005). The purine G is also acceptable in the -3 position. The plasmid with the
lower transient GUS expression (pPS1-GI) contained a transgene initiation codon context closer
to the consensus sequence of plants. Thus translation should be initiated with equal or better
efficiency from pPS1-GI, so this difference also does not explain the discrepancy in GUS
accumulation between the two vectors. Consequently, additional sequencing of the T-DNA
region may be required to rule-out the presence of any detrimental mutations in pPS1-GI. Since
pPS1ΔK-GI was derived from pPSI-GI, mutations in the parent sequence should have been
inherited and the comparison between these two vectors would still be valid.
An improved binary vector was more recently developed with both RK2 and ColE1
origins of replication for high-copy number replication in Agrobacterium and E. coli, respectively
(van Engelen, et al., 1995). This plasmid backbone has been reduced to less than half its original
size to facilitate plasmid propagation and eliminate unwanted restriction sites (Sainsbury, et al.,
2009). Like pGreen, this new series of binary vectors, pEAQ, has a very small (4.6 kb) backbone
sequence including the T-DNA borders. Also like pGreen, non-essential sequences from the TDNA region including the NPTII cassette have been removed. However, the large reduction in
size of the vector backbone did not compromise transient expression; GFP expression from
agroinfiltrated N. benthamiana leaves was at least as high as that provided by the parent construct
(in the presence of p19). Thus in future work, pEAQ may serve as an ideal binary vector for
transient expression of large viral cDNAs.
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3.4.7 Light had a negligible effect on transient GUS expression
Normally plant tissue cultures were
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Figure 3-11. Transient GUS expression in
N. benthamiana cells co-cultured under a
16/8hr light cycle (Light) or in complete
darkness (Dark). Values represent the
means ± SD of samples from three
independent co-cultures. Means labeled
with the same Greek letter are not
significantly different from each other at
the 95% significance level according to
Welch‟s t-test.

co-culture with A. tumefaciens in chlorophyll-containing green callus from two genotypes of the
crop plant Phaseolus acutifolius and chlorophyll-free A. thaliana roots (Zambre, et al., 2003).
Transient luciferase expression was also significantly higher in intact tobacco leaves when the
plants were allowed to continue growth under artificial illumination with a 16/8hr light/dark cycle
(Cazzonelli and Velten, 2006). In contrast, transient GUS expression was not significantly
different in detached agroinfiltrated lettuce leaves incubated in continuous light relative to those
incubated in the dark (Joh, et al., 2005). However, the use of different strains of Agrobacterium
cannot be ruled out as the source of this disparity in agroinfiltrated leaves.
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The aim of this study was to test the effect of incubating plant cell suspension co-cultures
under lighted conditions as a relatively simple means to increase transient GUS expression. In the
present study co-cultures incubation under lighted conditions did not yield transient GUS
expression statistically different from control co-cultures incubated in the dark (Figure 3-11).
Thus, light does not appear to be an important variable in the co-culture of plant cell suspensions,
at least under the conditions tested. This fact is advantageous for scale-up since photobioreactor
designs are more complicated than traditional bioreactors, which are characterized by very poor
or absent light penetration.

3.5 Conclusions
Attempts to optimize the physical and physiological conditions required for optimal
transient GUS expression in cell suspensions were often confounded by batch-to-batch variations
in absolute expression levels. Relative comparisons for similar or identical treatments repeated
over multiple experiments sometimes gave conflicting results. This temporal variation precluded
the discernment of meaningful and reproducible conclusions for several important variables,
including the relative timing of Agrobacterium and plant cell inoculations. This variation afflicted
cell lines from several species. The underlying cause of these disturbing inconsistencies remains
undetermined, but has undermined the experimental results of multiple researchers working with
this platform over the past decade. Relative comparisons of different constructs were generally
more immune to the above mentioned variation, but absolute expression levels still varied by an
order of magnitude for the same construct co-cultured in the same cell line at different times.

Chapter 4
Improved TRV vectors and hairy root hosts for transient expression

4.1 Summary
A modified Tobacco rattle virus (TRV)-based vector and a transgenic host with
integrated suppression of post-transcriptional gene silencing were investigated as strategies to
increase transient expression levels in hairy roots. A TRV vector was modified to retain the viral
helper protein 2b, which is required for nematode transmission. In N. benthamiana hairy roots,
the modified TRV vector resulted in GUS expression levels comparable to the control vector
without the 2b gene. Similarly, transient co-delivery of the PTGS suppressor HC-Pro did not
result in significantly higher GUS expression relative to TRV2-2b-GUS provided alone. In
contrast, Nicotiana tabacum cv. Xanthi hairy roots transgenic for HC-Pro yielded 5-fold more
GUS from the modified TRV vector than control roots. However, absolute GUS expression levels
were two orders of magnitude lower in non-transformed N. tabacum cv. Xanthi hairy roots
relative to those of N. benthamiana, suggesting that tobacco is not a suitable host for TRV.
A detailed literature review and rationale is presented for the co-transformation of N.
benthamiana hairy roots with A. rhizogenes harboring plasmids for the constitutive expression of
p19 and HC-Pro. Epitope tagging of these proteins will facilitate quantitative evaluation of
expression in transgenic lines.
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4.2 Background
In the field, tobraviruses such as TRV are transmitted by root-feeding nematodes.
Consequently, TRV possesses the ability to move efficiently within the root system of infected
plants, including the regions of the growing tips (MacFarlane and Popovich, 2000). This root
tropism and ability to infect meristems distinguishes TRV from the more commonly used
expression vectors such as TMV and PVX, which lack the ability to replicate and accumulate in
meristematic tissue (Valentine, et al., 2002). Compared to non-transformed roots, hairy roots tend
to develop a large number of lateral meristems, rendering the root tropism of TRV of even greater
importance for in vitro applications.
TRV is widely used for virus-induced gene silencing (VIGS) rather than for heterologous
expression due to its relatively weak native suppressor of post-transcriptional gene silencing
(PTGS) (Martin-Hernandez and Baulcombe, 2008). Viruses with strong native suppressors of
silencing, such as TMV, are not suitable for VIGS because they completely suppress the ability of
the host to silence both viral and endogenous genes. This feature makes TMV ideal as a host for
heterologous expression. Yet GFP expressed from a recombinant TMV vector accumulated to
very low levels in tobacco hairy root cultures (Skarjinskaia, et al., 2008). One way to increase
expression is to use a virus with a root tropism such as TRV in combination with a host that
complements TRV by constitutively expressing a strong suppressor of PTGS. As evidence of the
potential of this approach, transgenic tobacco plants constitutively expressing the TMV
126K silencing suppressor protein showed stronger infection symptoms and higher levels of viral
RNA following inoculation with TRV compared with non-transgenic plants (Harries, et al.,
2008).
TRV infects a wide range of species including N. benthamiana and other solanaceous
plants. Among these, N. tabacum cv. Xanthi plants supported systemic infections of
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Agrobacterium-delivered TRV vectors for VIGS of endogenous genes (Ryu, et al., 2004).
Tobacco cv. Xanthi plants transformed with TEV P1/HC-Pro have been previously established as
a fully characterized transgenic line designated TEV-B (Mallory, et al., 2002). It has also been
shown that P1 in combination with HC-Pro (but not P1 alone) was responsible for developmental
defects associated with constitutive expression of TEV P1/HC-Pro in plants. The TEV-B allele of
P1/HC-Pro (containing an insertion near the 3' end of the P1 sequence) eliminated these
developmental defects. Moreover, TEV-B plants crossed with plants expressing a PVX/GUS
amplicon resulted in offspring accumulating GUS at up to 3% of the total protein. Similarly,
relative to wild type tobacco, TEV-B plants supported increased heterologous protein
accumulation in systemically-infected leaves agroinfected with a full-genome PVX vector
containing a transgene for a subunit vaccine antigen (Azhakanandam, et al., 2007). Thus the
TEV-B allele was effective in suppressing PTGS induced by viral vectors.
Hairy roots transgenic for P1/HC-Pro were generated from homozygous TEV-B plants
grown in vitro and characterized as a host for TRV agroinfection. For control purposes hairy root
lines were also established from wild type tobacco Xanthi.

4.3 Materials and methods

4.3.1 Establishment and co-culture of hairy roots
The establishment of the wild type N. benthamiana hairy root cultures is described in
section 2.3.1. Tobacco hairy root cultures from wild type Xanthi and transgenic TEV-B plants
were established by the same method, but by wounding petioles rather than stems with A.
rhizogenes 15834. Line „TEV-B‟ hairy roots were generated from transgenic tobacco cv. Xanthi
homozygous for TEV P1/HC-Pro with a nine nucleotide insertion introduced by site-directed
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mutagenesis at nucleotide 973 of the P1-coding sequence (Anandalakshmi, et al., 1998). The use
of the TEV-B allele of P1/HC-Pro also ensures a normal phenotype of transgenic plants (Mallory,
et al., 2002). TEV-B lines were selected with 100 mg/L kanamycin concurrent with cefotaxime
application. Subsequent maintenance for both Xanthi and TEV-B roots was in liquid B5 without
selection with subculture every 2-3 weeks. The procedure used for hairy root co-cultures is
described in Section 2.3.2. Following initiation, hairy roots were incubated for 5 to 7 days prior to
addition of A. tumefaciens. Triplicate co-cultures for each treatment were harvested after 6 days
and sampled for GUS analysis as described in Section 2.3.3.

4.3.2 Vector construction
The construction of the TRV2-GUS and HC-Pro vectors is described in Section 2.3.5.
TRV2-GUS contains a ~1 kb deletion in the 2b gene, which is located on RNA2 between the coat
protein and duplicated subgenomic promoter of Pea early browning virus (PEBV). The analogous
fragment containing the intact 2b gene and native 2b subgenomic promoter as well as the PEBV
subgenomic promoter driving transgene expression was PCR amplified from pTRV-2b-GFP
(Valentine, et al., 2004) using a high-fidelity polymerase and primers TRVCP_F and
NcoI_PEBV_R (Table 4-1). The reverse primer contained two mutated residues corresponding to
the two 3‟-terminal base pairs of the PEBV subgenomic promoter to restore a NcoI recognition
site at the GFP initiation codon and allow precise replacement of the GFP gene as in TRV-GFPc
(MacFarlane and Popovich, 2000). The PCR insert containing the 2b gene was dual restriction
digested with NcoI and PvuII as was the expression vector TRV2-GUS. Due to an undocumented
NcoI site in the vector backbone this latter digest yielded three fragments. The 4.6 kb and 6.9 kb
fragments from TRV2-GUS were-gel purified and ligated along with the 1.6 kb PCR insert from
pTRV-2b-GFP to yield TRV2-2b-GUS (Figure 4-1). Transformants were verified by colony PCR
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using primers TRVCP_F and GI_R2 to amplify a 1.67 kb fragment containing the 2b gene, PEBV
subgenomic promoter and the 5‟ part of the GUS-intron transgene. Plasmid integrity of these
clones was further confirmed by restriction digest with NcoI and PvuII. The region spanning the
TRV coat protein, 2b gene, PEBV subgenomic promoter and the 5‟ end of the GUS gene was
confirmed by sequencing (Appendix L). See Appendix K for a detailed map of this plasmid and
the relevant parent molecules including restriction enzyme recognition sites and primer binding
sites used for cloning.

Table 4-1. Sense (F) and antisense (R) oligonucleotides used for PCR amplifications with added restriction
sites underlined and mutated sequences in bold. Initiation codons are italicized.
Primer

Sequence (5’ – 3’)

Hybridization site

TRVCP_F
GTATTCGGGATTAAGTTTGG
NcoI_PEBV_R
TAGCCATGGCGTTAACTC
GI_R2
TCGAGTTTTTTGATTTCACG
PEBV, Pea early browning virus; sg, sub-genomic.

Internal to TRV coat protein
3‟ terminus of PEBV sg promoter
Internal to GUS-intron

LB

TRV2-2b-GUS

RB
35S

CP

2b

GUS-intron

Rz NOST

Figure 4-1. Schematic representation of the T-DNA region of the TRV-2b-GUS binary vector
for enhanced meristem infectivity. Control elements are illustrated in black boxes and coding
sequences are shown in white or blue boxes. Overhead arrow represents a duplicated
subgenomic coat protein promoter driving expression of the inserted transgene (GUS-intron).
35S, dual enhanced Cauliflower mosaic virus (CaMV) 35S promoter; CP, TRV coat protein
gene; 2b, 40K helper protein required for nematode transmission; Rz, self-cleaving ribozyme;
NOST, nopaline synthase terminator; LB and RB, left and right T-DNA borders.
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4.4 Results and discussion

4.4.1 Characterization of the TRV-2b vector in N. benthamiana hairy roots
While TRV was able to initiate systemic infection in N. benthamiana hairy roots and
yielded GUS on the order of 0.4% TSP after 6 days in co-culture (Figure 4-2A), the pattern of
expression was highly heterogeneous (Figure 2-5B) suggesting significant room for achieving
higher productivities per unit biomass. Longer co-culture times were not associated with better
GUS expression (results not shown).
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Figure 4-2. Transient GUS expression in A. rhizogenes-transformed hairy roots of N.
benthamiana (A) Effect of presence of 2b gene in TRV RNA2 vector. (B) TRV2-2b-GUS
provided alone (-) or co-delivered with a construct providing P1/HC-Pro of TEV (+). Values
represent the means ± SD of samples from three independent co-cultures. Means on the same
axis labeled with the same Greek letter are not significantly different from each other at the 95%
significance level according to Welch‟s t-test.
A modified TRV RNA2 expression vector including the native 2b gene increased
meristem infectivity in Arabidopsis and N. benthamiana roots from whole plants (Valentine, et
al., 2004). An analogous experiment in N. benthamiana hairy roots was conducted to test the
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reproducibility of this finding in vitro. Hairy roots of N. benthamiana co-cultured with
Agrobacteria harboring TRV RNA2 vectors with and without the 2b gene yielded similar levels
of GUS after 6 days (Figure 4-2A). This experiment was repeated a second time to quantitatively
confirm this finding. The inclusion of the 2b gene may have yielded different results in hairy
roots relative to the roots of whole plants for several reasons. The key differences in the
experimental setup of the present study include the liquid tissue culture environment and its
potential impact on root development, phenotypic effects of the integrated rol genes, the use of a
different transgene (GUS rather than GFP), and the method of delivery (direct agroinfection vs.
infectious TRV sap applied to aerial parts of the plant). Additionally, although roots cultured in
vitro contain vascular tissue, transpiration-driven convection does not occur in submerged
cultures and this would be expected to reduce the rate of viral spread compared with intact plants
(Shadwick and Doran, 2007).

4.4.2 TRV vectors in hairy roots in conjunction with suppression of PTGS
An alternative explanation for the lack of uniform expression in TRV-GUS infected hairy
roots may be related to gene silencing in the host rather than inefficient viral infectivity due to the
RNA2 vector design. Co-delivery of TEV P1/HC-Pro with TRV-GUS yielded transient
expression levels similar to those measured in co-cultures of TRV-GUS alone (Figure
4-2B). Transient complementation by co-delivery of a suppressor of gene silencing might have
been ineffective due to the limited number of surface cells that would be expected to transiently
express a non-movement enabled vector such as that providing HC-Pro (Collens, et al., 2007).
TRV-GUS on the other hand has the ability to initiate secondary infections from primary
agroinfected cells. Thus, only a small fraction of the root cells infected with TRV-GUS would be
expected to also express HC-Pro. Consequently, even if suppression of PTGS occurred in
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primary-infected cells, the effect may not have been large enough to be measurable in a bulk
sample where most GUS expression originates from secondary-infected cells.
One way to potentially overcome the transient expression of HC-Pro in a limited number
of cells is through the use of transgenic tissue that constitutively expresses the suppressor protein
in every cell. In fact, average transient GUS expression from the TRV2-2b-GUS vector was 5fold higher in tobacco hairy roots transformed with TEV P1/HC-Pro (line TEV-B) relative to
control non-transformed tobacco cv. Xanthi hairy roots, thus indicating the merit of this approach
(Figure 4-3). It is worth noting that these two treatments were not statistically different at the 95%
confidence level due to the high standard deviation associated with the TEV-B co-cultures
(Welch‟s t-test, p=0.13). However, the trend observed was consistent with a report demonstrating
higher RNA accumulation of a TRV VIGS vector in A. thaliana plants transgenic for Zucchini
yellow mosaic virus P1/HC-Pro (Wu, et al., 2010). Despite reports of tobacco cv. Xanthi plants
supporting efficient TRV infections, Xanthi hairy roots proved to be a very poor host in this study
with absolute expression levels 135-fold lower compared to N. benthamiana controls (Figure
4-3B). This disparity could be the result of species-specific differences in primary infectivity
(Marillonnet, et al., 2005), or systemic viral movement due to disparate plasmodesmata
configuration, for instance. Taken together these results imply that a N. benthamiana host
modified for constitutive suppression of PTGS has the potential to support very high levels of
TRV replication.
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Figure 4-3. Comparison of hairy root hosts for transient GUS expression from a modified TRV
vector. Non-transformed N. tabacum cv. Xanthi hairy roots and a line stably transformed with
TEV P1/HC-Pro (TEV-B) were co-cultured with A. tumefaciens clones harboring TRV1 and
TRV2-2b-GUS. Non-transformed N. benthamiana (N.b.) hairy roots served as a positive control.
Transient GUS expression was evaluated after six days with (A) histochemical X-Gluc staining (24
hour incubation), and (B) the MUG fluorometric assay. Values represent the means ± SD of
samples from three of the four replicate co-cultures. Means labeled with the same Greek letter are
not significantly different from each other at the 95% significance level according to Welch‟s ttest.
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4.4.3 Development of N. benthamiana hairy roots with chromosomally-integrated and
constitutively-expressed suppressors of gene silencing
Only a handful N. benthamiana plants transgenic for suppressors of PTGS have been
generated. This includes plants expressing potyviral HC-Pro (Fukuzawa, et al., 2010; Siddiqui, et
al., 2008; Mlotshwa, et al., 2002; Savenkov and Valkonen, 2001; Savenkov and Valkonen, 2002;
Stenger and French, 2004) and tobamoviral p19 (Silhavy, et al., 2002; Saxena, et al., 2010).
However, these proteins are by their nature highly toxic to developing plants where gene
silencing and interfering RNAs play an important role in regulating endogenous gene expression.
Thus, the process of regenerating these transgenic plants naturally selects for survivors
accumulating low expression levels, and those that do survive often suffered severe negative
consequences in plant performance and phenotype (Saxena, et al., 2010). In other cases,
suppressor protein levels in the transgenic plants were never directly quantified, but rather were
inferred from relative transcript expression levels (Siddiqui, et al., 2008; Shams-Bakhsh, et al.,
2007). Consequently, any hairy root lines established from existing transgenic N. benthamiana
plants would suffer from low or unknown transgene expression levels. This conclusion motivated
the investigation into the best strategy to generate PTGS suppressor-transgenic hairy root lines
from wild type material.
An initial attempt to retransform wild type N. benthamiana hairy roots with A.
tumefaciens harboring TEV P1/HC-Pro and TBSV p19 was unsuccessful due to the lack of an
effective callus induction medium for this species. Moreover, this approach suffered from the
complication that the existing vectors for P1/HC-Pro and p19 lacked the epitope tags required to
simplify subsequent protein quantification in transgenic tissue. Due to the lack of readily
available antibodies/antisera for p19 and P1/HC-Pro and issues with cross-hybridization with
endogenous plant proteins (Dunoyer, et al., 2004), epitope-tagged suppressor constructs may be
the only practical means of protein quantification.
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Co-transformation of wild type in vitro plants with recombinant A. rhizogenes represents
an alternative method for introducing heterologous genes into plants without the callus induction
stage required for amplification of individual events associated with hairy root retransformation.
Co-transformation can be used to introduce heterologous genes to mature plant tissues concurrent
with the rol genes important to the hairy root phenotype. Thus, like hairy root retransformation,
co-transformation negates the need for plant regeneration and can be used to directly establish
hairy roots expressing viral PTGS suppressor proteins. It is anticipated that the normally
detrimental effect of the suppressors of gene silencing on plant phenotype will be minimal or
absent in N. benthamiana hairy root cultures. Consequently, bypassing the plant regeneration step
and directly establishing transgenic hairy root cultures should not preclude the selection of tissues
accumulating high levels of the developmentally toxic viral p19 protein.
Careful consideration must be given to the location of the epitope tag in P1/HC-Pro in
particular. The TEV genome consists of a single polypeptide that undergoes self-cleavage
following translation (Mallory, et al., 2002). Expression of P1/HC-Pro portion of this polypeptide
allows the P1-mediated proteolytic cleavage that produces the authentic N terminus of HC-Pro as
well as the HC-Pro-mediated cleavage of a P3 fragment that produces the authentic C terminus of
HC-Pro (Figure 4-4). Consequently, adding an epitope tag to the N-terminus of P1 or the Cterminus of the P3 fragment would not enable the direct quantification of the HC-Pro protein.
However, since all three proteins are cleaved from a single polypeptide, in theory, they should
exist at equimolar concentrations. Alternate strategies
that avoid cleavage of the tag involve replacing P1 or
the P3 fragment with an N-terminal or C-terminal
epitope tag, respectively, or the insertion of an Nterminal tag between P1 and HC-Pro.

Figure 4-4. Schematic of the TEV
P1/HC-Pro transcript with proteolytic
cleavage sites indicated with curved
arrows.
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If the TEV P1 gene is not required for PTGS activity then replacing it with an N-terminal
epitope tag becomes a straightforward tagging strategy. The HC-Pro genes of several potyviruses
provide PTGS suppression in the absence of P1, but this has not yet been demonstrated for TEV
HC-Pro. For instance, several groups have reported the suppression of gene-silencing activity
from the PVY HC-Pro in the absence of P1 (Brigneti, et al., 1998; Wydro, et al., 2006). Similarly,
the HC-Pro of another potyvirus, PVA, has demonstrated a synergistic effect on Potato leaf roll
virus (PLRV) infection in plants transgenic for HC-Pro but not P1 (Savenkov and Valkonen,
2001). Co-infiltration of PVA HC-Pro alone also increased GFP expression from N. benthamiana
leaves infected with PVX vectors (Komarova, et al., 2006). Turnip mosaic virus (TuMV) HC-Pro
has also been shown to increase transient GFP expression in agroinfiltrated N. benthamiana
leaves (Wydro, et al., 2006). In contrast, in the absence of P1, TEV HC-Pro has been
demonstrated to only inconsistently suppress virus induced gene silencing (VIGS) in a mixed
viral infection (Anandalakshmi, et al., 1998). Moreover, GFP-transgenic plants doubly infected
with PVX/GFP and PVX/HC-Pro exhibited a range of VIGS phenotypes ranging from partial to
complete suppression, while co-infection with PVX/P1/HC-Pro consistently suppressed VIGS
completely. As further evidence of the possible importance of TEV P1, the enhancement of PVX
minus-strand RNA accumulation in protoplasts depended on the presence of the entire TEV
P1/HC-Pro sequence (Pruss, et al., 1997). Notably, since TEV and other potyviruses consist of a
single polyprotein, omission of P1 required the insertion of a start codon at the 5‟ terminus of the
HC-Pro gene. This artificial translation initiation site could result in a non-native N-terminus
relative to P1-mediated cleavage following translation of the P1/HC-Pro polyprotein.
In one case the TEV P1 sequence was replaced with an N-terminal secretory signal
peptide for heterologous HC-Pro expression in the yeast P. pastoris (Ruiz-Ferrer, et al., 2004).
Compared to His-tagged HC-Pro purified from TEV-infected tobacco plants, the yeast-expressed
HC-Pro was associated with an order of magnitude reduction in infectivity as measured by aphid
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transmission assays (the insect vector for TEV). The anti-gene silencing activity of this yeastexpressed TEV HC-Pro protein has not been determined.
Finally, for the purpose of suppressing PTGS, Pruss reported only having had success
using the entire TEV P1/HC-Pro construct (personal communication). To the best of the author‟s
knowledge there are no literature reports suggesting that TEV HC-Pro expressed as a free protein
can suppress of PTGS induced by a co-delivered transgene.
Several previous attempts at epitope tagging TEV HC-Pro for the purpose of enhancing
purification have been reported with mixed results. Insertion of an epitope between P1 and the Nterminus of HC-Pro yielded biologically active protein: A full-length copy of the TEV genome
has been created with a histidine tag fused to the N-terminus of HC-Pro for purification from
systemically-infected tobacco plants (Ruiz-Ferrer, et al., 2005; Blanc, et al., 1999; Lakatos, et al.,
2006). Full length genomic clones containing the histidine-tagged coding sequence were
genetically stable, infectious and produced symptoms in tobacco similar to those induced by wildtype TEV. While these studies did not address the necessity of P1 for suppression of PTGS, they
do suggest a viable strategy for N-terminal tagging of TEV HC-Pro while retaining the P1 gene.
Alternatively, replacing the P3 fragment with a C-terminal epitope has also been shown
to be a promising approach for tagging potyviral HC-Pro. The P1/HC-Pro of TuMV was tagged
with a C-terminal hemaglutin (HA) epitope of the influenza virus. The tagged protein was tested
for functionality as an RNA silencing suppressor using Agrobacterium-mediated transient GFP
suppression assays in N. benthamiana leaves. The assay confirmed the ability of the HA-tagged
TuMV P1/HC-Pro to supress silencing of the GFP sequence triggered by an inverted repeat
hairpin at a level comparable to the corresponding non-tagged protein (Chapman, et al., 2004).
An analogous strategy of replacing the P3 protein fragment of TEV P1/HC-Pro with an
HA tag requires disruption of the proteinase activity of HC-Pro to prevent cleavage of the Cterminal epitope. The recognition sequence for this proteinase activity has been localized to the
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G-G pair spanning the HC-Pro and P3 cleavage site. Mutating these two residues was sufficient to
prevent cleavage by HC-Pro (Carrington, et al., 1989). Thus, the C-terminal epitope tag sequence
should replace P3 as well as the last HC-Pro codon to ensure that no G-G pairs (or G-S pairs
since serine is a homologue) appear prior to new stop codon.
C-terminal HA epitope fusions of TBSV p19 have also been shown to exhibit anti-gene
silencing activity using a transient suppression assay (Chapman, et al., 2004; Stav, et al., 2010).
For this assay the leaves of transgenic GFP-expressing N. benthamiana plants were co-infiltrated
with constructs for both the same GFP transgene (for silencing induction) and a suppressor of
silencing. The authors estimated that relative to non-tagged p19, the HA-tagged protein retained
approximately 50% of its silencing suppression activity (Dunoyer, et al., 2004).
For the reasons discussed above, a C-terminal epitope may be the most appropriate
approach to tagging both TEV P1/HC-Pro and TBSV p19 without significantly disrupting
biological activity.

4.5 Conclusions
Heterogeneous GUS expression from TRV2-GUS suggested there was significant room
for improvement in overall productivity per unit biomass in hairy roots. An improved TRV vector
with increased infectivity did not circumvent the localized transient GUS expression in wild type
N. benthamiana hairy roots, but may prove useful in other hosts. Transient co-delivery of HC-Pro
did not increase expression from TRV2-2b-GUS in N. benthamiana, but a transgenic
complementation approach was effective in tobacco Xanthi hairy roots, albeit at low absolute
levels of GUS expression. Consequently, N. benthamiana hairy root hosts modified for the
constitutive expression of suppressors of gene silencing such as p19 and HC-Pro have the
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potential to support very high levels of transient GUS expression from agro-delivered TRV-based
vectors.
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Chapter 5
Trans complementation of PVX viral vectors with the TMV 30K movement
protein in cells and hairy roots

5.1 Summary
The primary objective of this study was to determine if movement-deficient PVX vectors
could be complemented in trans by the Tobacco mosaic virus 30K movement protein (MP).
Particle bombardment experiments have previously demonstrated the TMV MP can functionally
replace all four PVX transport proteins required for local (cell-to-cell) viral spread. This strategy
represents an alternative to using full-length, movement-enabled PVX expression vectors for
achieving high-level transient expression in hairy root cultures. Relative to the full-genome PVX
vector retaining all viral functions, the minimal PVX vector has many inherent advantages
including a smaller size, increased stability, and the ability to support higher levels of transgene
expression. A trans complementation approach has the added benefit of being directly amenable
to establishing complementary transgenic tissues for improved viral containment.
Unexpectedly, transient co-delivery of TMV MP with the minimal PVX vector resulted
in reduced transient GUS expression in cell suspensions and hairy roots of N. benthamiana.
Similarly, no qualitative evidence of secondary infections was observed for transient GUS
expression from the minimal PVX vector delivered to hairy root cultures putatively transgenic for
the TMV MP.
In short, there was no evidence of TMV MP-mediated complementation of movementdisabled PVX vectors in hairy roots or cell suspensions. Since the PVX full viral vector also
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failed to establish a systemic infection in non-transformed hairy roots, PVX may not be a suitable
viral vector for hairy roots. Subsequent work with hairy roots should focus on alternative viral
vectors with higher infectivity in roots such as Tobacco rattle virus.

5.2 Background
The two PVX vectors provided by the Vance Lab are based on pGR106 with either a coat
protein deletion (PVXCP) or combined deletions in the coat protein and triple gene block (TGB)
which contains the viral movement proteins (PVXCPTGB). A 35S promoter drives the
transcription of the modified viral cDNA while the native CP subgenomic promoter drives the
transcription of the GUS-intron transcript which was cloned as a replacement for the native CP.
These constructs have been transformed into the cys-32 auxotrophic strain of Agrobacterium
tumefaciens (Collens, et al., 2004).
Since the minimal PVX vector is not competent for cell-to-cell movement, the high
expression levels achieved in leaves result from efficient primary infection with replicating PVX
transcripts (Figure 2-3B). In leaf tissue where nearly all cells are accessible by Agrobacterium,
movement by the virus is not required, or in many cases even desirable. Unfortunately, the best
transient GUS expression achieved with the PVX minimal vector (PVXCPTGB) was
approximately 20-fold less in N. benthamiana cell suspension co-cultures as compared to
agroinfected leaves. In hairy roots, GUS accumulation from the minimal PVX vector was
approximately two orders of magnitude lower than that measured in cell suspensions. Some of the
possible causes for the failure of the PVX-based vectors to achieve high-level transient GUS
expression in plant tissue culture include limited primary infection and post-transcriptional gene
silencing as discussed in Sections 1.4.1 and 2.4.2, respectively.
One means to overcome limited primary infection is through enabling secondary
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infections from agroinfected cells. This functionality could be particularly beneficial in
differentiated hairy root cultures where the vast majority of cells are not accessible for primary
viral infection via A. tumefaciens. A high rate of cell-to-cell (secondary) infection which bypasses
the nucleus is logical for RNA viruses such as PVX, which have not evolved for efficient nuclear
export (Marillonnet, et al., 2005). However, even the movement-competent PVX expression
vector (PVX-GUS) was ineffective for transient GUS expression in hairy roots (Table 2-2). The
failure to observe efficient secondary infections in hairy roots was attributed to incompatibility of
the host tissue with PVX expression vectors. Viruses such as PVX have not evolved for efficient
movement or replication in root systems since this is not a part of their normal life cycle or route
of transmission.
To establish systemic infections plant viruses must move from the initial site of infection
to distal tissues. Systemic infection occurs by two processes: (1) cell-to-cell movement through
plasmodesmata and (2) long-distance transport through vascular tissues. Cell-to-cell movement
requires both virus-encoded movement proteins (MPs) and host components (Ryabov, et al.,
1998). In tobamoviruses such as TMV, cell-to-cell movement is mediated by a single 30-kDa
MP, which has functionalities for efficient, sequence-independent viral RNA-binding and also
increases the size exclusion limit of plasmodesmata (Oparka, et al., 1997). In contrast,
potexviruses such as PVX require their coat protein and a triple gene block, encoding three
partially overlapping movement-related proteins, for cell-to-cell transport (Chapman, et al.,
1992). Despite lack of homology and differences in mechanism, the movement of a virus may be
facilitated by the MP of an unrelated virus. Thus the MPs encoded by distantly-related plant
viruses are often interchangeable (Ryabov, et al., 1998). This compatibility is often independent
of the monopartite or multipartite nature of the various viral MP systems (Morozov, et al., 1997).
Moreover, non-host plants which are resistant to a virus due to a blockage of transport functions
can often be infected upon complementation with an unrelated helper virus (Atabekov, et al.,
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1999). TMV, which is 95% coat protein by weight, accumulates to levels of up to 28% of the
total soluble protein in N. benthamiana hairy root cultures (Shadwick and Doran, 2007). Thus we
hypothesized that complementation of PVX vectors with the TMV movement protein functions
could enable more efficient replication and movement of PVX in N. benthamiana hairy root
cultures.
The minimal PVX vector lacking the CP gene used for this work provided high-level
transient expression in cell suspensions, yet was dysfunctional for viral movement in hairy roots.
Furthermore, supplying a movement-enabling gene product on a separate vector provided in trans
minimized the size of the PVX amplicon, which might be important for increasing the stability of
recombinant expression vectors containing large inserts such as GUS-intron. A negative
correlation between insert size and virus stability has been observed for recombinant PVX vectors
used in intact plants (Avesani, et al., 2007). The minimal PVX vector focused viral amplification
on the transgene and was also forwardly compatible with transgenic tissues expressing inducible
movement-enabling gene products integrated into the chromosome as a complementary gene
expression platform. A concise summary of previous work attempting to accomplish a similar
goal with a DNA viral vector system is described in Appendix G. Improved viral containment is
an additional rationale for the in trans complementation of a movement-disabled PVX vector
versus employing a full-genome PVX vector (Manske and Schiemann, 2005). If, for instance, the
TMV MP can complement both movement and coat protein deletions in PVX then local
movement can be enabled in plant tissues without creating infectious viral particles.
The movement of several deconstructed PVX expression vectors has been demonstrated
by transient complementation tests with the TMV 30K MP. Using particle bombardment of
detached N. benthamiana leaves, one group demonstrated the successful complementation of
movement-deficient PVXCP constructs containing GFP as the CP replacement (as well as
TGBp1 mutants) with co-delivered cDNA for TMV 30K MP (Fedorkin, et al., 2001). This work
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showed that the TMV 30K MP could enable equivalent „movement‟ of the PVXCP vector (as
assessed by expression of GFP in adjacent leaf cells) as complementing with PVX CP. Similarly,
observations of mesophyll protoplasts prepared from agroinfected leaves revealed that coinfection with TMV and PVXCP provided co-replication of both viral expression vectors in
67% of cells. This value increased to 82% when both viral vectors were co-infiltrated with an
additional construct expressing PVX CP from a 35S promoter (Giritch, et al., 2006). PVX CP
expression from a separate 35S promoter thus provided the movement functionality associated
with this protein at expression levels that were significantly lower than would likely be provided
by including the CP gene on the replicating PVX vector. The authors indicated this combination
was important for achieving maximal co-expression and high level expression of the genes of
interest. However, none of these studies showed the ability of the TMV MP to complement
PVXCPMP double-mutants, however. Using a similar biolostic technique another group
extended these results qualitatively for TMV 30K MP to complement PVXCPTGB double
mutants expressing GFP in N. benthamiana leaves (Komarova, et al., 2006). No reference could
be found where this complementation has yet been replicated with agro-delivered DNA. It is
therefore hypothesized, that only the TMV 30K MP is needed to complement movement disabled
PVXCPTGB double mutants for cell-to-cell movement in agroinfected plant tissue cultures.
The presence of fixed connections between cells may facilitate cell-to-cell transmission
of recombinant viruses in hairy roots. In contrast, direct cell-to-cell transmission in suspension
cultures relies on the presence of cell aggregates (Shadwick and Doran, 2007). The effect of
enabling cell-to-cell movement may not be very pronounced in plant cell suspensions consisting
of small aggregates (10-100 cells) where the majority of cells are already available for
Agrobacterium colonization and primary infection. However, it is conceivable that something
about the nature of de-differentiated plant cells precludes efficient primary infection of PVX
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vectors delivered to the nucleus by Agrobacterium. In this case, secondary infection could
compensate for low primary infectivity. One line of evidence to support this hypothesis is the
high variability in infectivity observed for agro-delivered TMV cDNA vectors in the leaves of
different Nicotiana species (Marillonnet, et al., 2005). The physiological differences between leaf
tissue and plant cell suspensions are likely even greater than those between leaves of related
species.

5.3 Materials and methods

5.3.1 Establishment and co-culture of plant tissues
The establishment and maintenance of the N. benthamiana cell suspensions is described
in section 2.3.1. Non-transformed N. glutinosa cells were generated as described in Section 3.3.2.
The co-culture procedures used for N. benthamiana and N. glutinosa cells are described in
Sections 2.3.2 and 3.3.8, respectively. Triplicate flasks were harvested and analyzed for GUS
activity after 6 or 4 days of co-culture for N. benthamiana and N. glutinosa cells, respectively.
For the histochemical assay, N. benthamiana cells were incubated with the X-Gluc staining buffer
for 15 minutes.
N. glutinosa hairy root cultures from wild type plants were established and maintained by
the same methods used for wild type N. benthamiana hairy root cultures. Twelve N. benthamiana
„BM+MP‟ transgenic root lines were established by the co-transformation with A. rhizogenes
15834 pPS1APH4-MP and selection with 30 mg/L hygromycin concurrent with cefotaxime
application. The procedure and media used for hairy root co-cultures is described in Section 2.3.2.
Following culture initiation, hairy roots were incubated for 4 to 12 days prior to addition of A.
tumefaciens cys-32. Co-cultures were harvested after 4-5 days and sampled for GUS analysis as
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described in Section 2.3.3. For histochemical localization of GUS, samples were stained at room
temperature for 1-6 days.

5.3.2 Vector construction
Binary vectors pBY031-I1 (LSL) and PVXΔCPΔTGB-GUS are described in Section
2.3.5. The construction of binary vectors pPS1, pPS1ΔK and pGreen-GI is discussed in Section
3.3.1. The TMV 30K MP and the PVX CP were cloned into separate 35S expression vectors for
co-delivery with the PVX vectors. All vectors constructed in this section are graphically depicted
in Figure 5-1. See Appendix K for detailed maps of the relevant parent plasmids including
restriction enzyme recognition sites and primer binding sites used for cloning.
LB

pBIN61-CP
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NPTII
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Figure 5-1. Schematic representation of the T-DNA regions of the pBIN19-derived binary
vectors for constitutive expression of the PVX coat protein (CP) and the TMV 30K movement
protein (MP). Control elements are illustrated in black boxes and coding sequences are shown
in white boxes. 35S, dual enhanced Cauliflower mosaic virus (CaMV) 35S promoter; 35ST,
CaMV 35S terminator; TEV 5‟, Tobacco etch virus 5‟ untranslated region; LB and RB, left and
right T-DNA borders; NPTII, expression cassette conferring kanamycin resistance; APHIV,
expression cassette conferring hygromycin resistance.
Plasmid p4GD-GFP (Casper and Holt, 1996) contains the partial cDNA of the TMV U1
strain provided by P. Goelet (GenBank: 9626125) modified with a MCS located between the MP
and CP genes for the introduction of foreign genes such as GFP. A ~4 kb BamHI/KpnI fragment
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of p4GD-GFP contained the TMV MP sequence along with a portion of the replicase sequence
(from approximately nt 3332 onward), free GFP, CP and the 3‟ UTR. A high-fidelity polymerase
was used to PCR amplify the TMV MP (800 bp) fragment with primers XbaI_MP_F and
MP_SacI_R (Table 5-1). The PCR product containing the TMV MP gene was flanked with 5‟
primer extensions containing restriction enzyme recognition sites to allow for the directional
insertion into the 35S cassette of pPS1ΔK, a pBIN19-derived backbone with no selectable marker
inside the T-DNA borders. The PCR insert along with vector pPSIΔK were restriction digested
with XbaI and SacI and ligated to create pPS1ΔK-MP. Transformants were subsequently
analyzed by colony PCR with primers pGP_LB_F and pGP_RB_R2. pPS1ΔK-MP transformants
yielded a 2.5 kb amplicon containing the entire 35S-MP expression cassette. Transformants were
further verified by dual restriction digest with XbaI and SacI to release the MP insert from the
vector backbone fragment.
The plasmid used to establish the TMV 30K MP-transformed root cultures was created in
two steps. First the pPS1 vector (Appendix K) was double restriction digested with PvuI/HindIII
to remove the 1.7 kb NPTII marker. The APH4 marker, conferring hygromycin resistance, was
generated by digesting pNos-hygromycin with EcoRV to generate blunt ends around the marker
cassette containing the APH4 gene under control of a nopaline synthase promoter
(http://www.pgreen.ac.uk). Following treatment with Klenow and Shrimp alkaline phosphatase to
blunt and dephosphorylate the sticky ends, the vector was ligated with the insert, which also
contained blunt ends to creat pPS1APH4. Due to the activity of the nos promoter in E. coli,
transformants were selected on LB supplemented with 50 mg/L kanamycin and 20 mg/L
hygromycin. Successful insertion of the APH4 cassette was subsequently verified by colony PCR
with primers pGP_LB and pBYR_R to amplify a 2.7 kb fragment containing the entire T-DNA
sequence spanning the hygromycin and the empty 35S expression cassettes. A subsequent SacII
digestion further confirmed the presence of the APH4 cassette in the forward orientation relative
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to the T-DNA borders. The TMV 30K MP gene described above with flanking XbaI and SacI
restriction sites was digested and ligated with similarly digested pPS1APH4 vector. The ligation
product, pPS1APH4-MP, was confirmed by colony PCR using primers pBYR_F and PBY_R to
amplify the 1.09 kb fragment inside of the multiple cloning site of the 35S expression cassette.
Sequencing with the same primers was used to verify the MP sequence between the 35S promoter
and VSP terminator. One mis-sense and one silent mutation in the MP gene were observed (in
both sequence primer reads) relative to the GenBank reference sequence: A1282G (Glu Gly)
and T1811C (AsnAsn). Both mutations were also present in the 4GD-GFP template sequence
information provided by Rick Nelson, which he acknowledged contained “…some minor (not
affecting function) nt changes in the MP (internal to the 5‟ and 3‟ ends of the ORF) and should
not affect your PCRing of the ORF.” Thus they were not introduced by the subsequent PCR
amplification step. Two other putative MP mutations present in this template sequence data were
not confirmed. The confirmed mis-sense mutation A1282G did not appear in any other known
strains of TMV present on GenBank as determined by a nucleotide Blast search.

Table 5-1. Sense (F) and antisense (R) oligonucleotides used for PCR amplifications with added
restriction sites underlined and 5‟ extensions sequences in bold. Initiation codons are italicized.
Primer

Sequence (5’ – 3’)

Hybridization site

pGP_LB_F

TCAGGCTGCGCAACTGTTGG

Internal to left T-DNA border

pGP_RB_R2
pBYR_F

CCCTGTGGTTGGCATGCAC
TATCCTTCGCAAGACCCTTC

Internal to right T-DNA border

pBYR_R
XbaI_MP_F

GAATAGTGCATATCAGCATACC
TATCATCTAGAATGGCTCTAGTTGTTAAAGGA

5‟ end VSP terminator sequence

MP_SacI_R

AATATGAGCTCTATTTAAAACGAATCCGATTC

3‟ terminus of TMV 30K

XbaI_CP_F

TATCATCTAGAATGTCAGCACCAGCTAG

5‟ terminus of PVX CP

CP_BamHI_R

TATCAGGATCCTTATGGTGGTGGTAGAG

3‟ terminus of PVX CP

camvT_R

CGGGAAACTACTCACACATT

Internal to CaMV terminator

3‟ region of 35S promoter
5‟ terminus of TMV 30K

CaMV, Cauliflower mosaic virus; VSP, soybean vegetative storage protein.
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Plasmid pGR106 containing the full cDNA of PVX was used as a template to amplify the
CP gene. pGR106 contains a duplication of the native coat protein subgenomic promoter along
with the 5‟ terminus of the coat protein coding sequence (with a mutation in the start codon)
cloned between a multiple cloning site and the full coat protein gene. For this reason it was
impossible to design unique PCR primers for the 5‟ end of the coat protein gene. This problem
was resolved by first digesting the MCS with AscI to prevent unwanted amplification from the
upstream duplicated CP subgenomic promoter sequence. A high-fidelity polymerase was used to
PCR amplify the 0.7 kb PVX CP gene from the digested template with primers XbaI_CP_F and
BamHI_CP_R (Table 5-1). The PCR insert along with vector pBIN61 were restriction digested
with XbaI and BamHI and ligated to create pBIN61-CP. Transformants were subsequently
verified by colony PCR with primers pBYR_F and camvT_R to amplify a 0.7 kb fragment
containing the entire CP gene.
Several hairy root lines transgenic for TMV MP were established based on selection for
the linked hygromycin resistance gene. The putative transgenic lines were not PCR verified.
Western blots were not done due to the lack of availability of the required antibodies.

5.4 Results and discussion
Initial experiments in cell suspensions of N. glutinosa with the PVX minimal vector
demonstrated a 6-fold decrease in transient GUS expression relative to a non-replicating 35S
construct (Figure 5-2A). Given the strong species dependence on infectivity of plant viruses, it is
possible that the N. glutinosa cultures tested simply were not very permissive to PVX infection.
In other words, there may be difficulties associated with the initial transcription of the PVX
cDNA and export to the cytoplasm in this particular species. Without leaf infiltration controls in
this species a definitive determination cannot be made. However, the presence of any detectable
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GUS activity is consistent with successful PVX-mediated RNA replication since the GUS
transcript can only be translated from a plus-sense subgenomic RNA template created by the viral
polymerase; only the viral RNA-dependent RNA polymerase can be transcribed directly from the
full genomic RNA (Batten 2003).
Subsequently, N. benthamiana cell suspensions were initiated in liquid culture since PVX
compatibility is well established for this species in leaf tissue. In this host the minimal PVX
vector yielded 3.3-fold more transient GUS expression than the non-replicating control derived
from the same pGreen binary vector (Figure 5-2B). Co-delivery of the minimal PVX vector with
TMV MP on a separate 35S cassette resulted in a 37% decrease in transient GUS expression. A
similar effect was observed for the co-delivery of TMV MP with the non-replicating control
where GUS expression was reduced by 55% in the presence of the co-expressed MP. Thus, there
was no evidence to suggest a specific negative interaction between TMV MP and the replicating
minimal PVX vector. Rather, a non-specific interaction with either the GUS-intron transgene or
some host process required for efficient transient expression may be responsible for the observed
reduction in GUS expression upon co-delivery of the MP vector. Transient expression was
reduced by an additional 45% when PVXΔCPΔTGB-GUS was co-delivered with both TMV MP
and PVX CP provided on separate 35S expression cassettes. These results were not consistent
with primary infection limiting transient expression from PVX vectors in cell suspensions.
The unexpected reduction in GUS expression upon co-delivery of the MP gene was
further explored by ruling out transgene sequence errors and including additional control
treatments to rule out artifacts of the co-culture system with multiple binary vectors. The above
experiments were conducted using pPS1ΔK-MP, which was not confirmed by sequencing. A
replicate experiment was conducted where the PVX minimal vector was dual co-cultured with
pPS1APH4-MP, in which the transgene was fully confirmed by sequencing. The same relative
results were reproduced in an experiment using this sequenced TMV MP construct on an
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otherwise identical binary vector, but with the addition of a hygromycin resistance gene on the TDNA. Finally, to rule out interference from the co-delivered pBIN19-derived expression vector,
the effect of co-delivering the minimal PVX vector with the empty expression vector lacking the
MP transgene (pPS1) was evaluated. The co-delivery of the minimal PVX vector on a pGreen
binary with the empty pPS1 binary vector significantly decreased transient GUS expression by
34% relative to the PVX vector expressed alone (p<0.03; Figure 5-3). This magnitude of
reduction in GUS expression was similar to that observed for the dual co-culture of the minimal
PVX vector with pPS1ΔK-MP. The reasons for this detrimental effect remain unclear since the
control pPS1 construct lacks any transgenes on the T-DNA other than the NPTII kanamycin
resistance marker, which is not present on pPS1ΔK-MP. A relevant discussion comparing the
pGreen and pPS1 binary vectors is provided in section 3.4.6.
Similar results were observed in transient complementation experiments conducted in
hairy roots cultures. Relative to N. glutinosa, N. benthamiana again appeared to be a superior host
for PVX vectors (Figure 5-4A). In N. benthamiana hairy roots, co-delivery of pPS1ΔK-MP was
also associated with reduced transient GUS expression. In all cases the minimal PVX vector
yielded much less GUS than the non-replicating control pBY031-I1. Attempts to transiently
complement PVXΔCP-GUS with TMV MP were also unsuccessful in N. benthamiana hairy roots
(results not shown). In the later case, absolute expression levels were extremely low.
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Figure 5-2. (A) Transient GUS expression from the replicating PVX minimal vector
(PVXΔCPΔTGB-GUS) relative to a non-replicating 35S control construct (pGreen-GI) in cell
suspensions of N. glutinosa. (B) In N. benthamiana cells the replicating or non-replicating GUS
expression vector was provided alone or in conjunction with the TMV 30K movement protein
gene (MP) and/or the PVX coat protein gene (CP) on a separate binary vector. Values represent
the means ± SD of samples from three independent co-cultures. Means on the same axis labeled
with the same Greek letter are not significantly different from each other at the 95% significance
level (Section 2.3.6).
The lack of effect of transient complementation in hairy roots could be due to inefficient
co-delivery of both the PVX and MP constructs to the same surface cells by Agrobacterium.
Alternatively, even if co-expression occurred in the majority of PVX-infected cells, secondary
infections to neighboring cells could have been limited by the availability of TMV MP, which
was expressed in primary infected cells only. Expression of TMV MP in a single cell can
complement the movement of movement-deficient PVX vectors through several cell boundaries;
however, this spread is transient and less extensive than with wild-type virus due to a decreasing
concentration gradient of the MP (Morozov, et al., 1997). In contrast, much more extensive local
movement would be anticipated in tissue constitutively expressing the TMV MP in every cell. In
theory, secondary infection of agro-delivered deconstructed PVX vectors could reach nearly
every cell in such transgenic tissue, even those far removed from primary infection sites.
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Consequently, N. benthamiana roots
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were then co-cultured with A. tumefaciens
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histochemical staining. GUS expression was
very weak and highly localized to a small
number of cells in all root lines tested (Figure
5-4B). These qualitative results were
inconsistent with those expected for PVX
movement complementation. Subsequent work
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Figure 5-3. Transient GUS expression in cell
suspensions of N. benthamiana. The PVX
minimal vector (PVXΔCPΔTGB-GUS) on a
pGreen binary vector was expressed alone (pPS1) or with a pBIN19-derived binary
vector containing the NPTII marker and an
empty 35S expression cassette (+pPS1) codelivered as a second T-DNA. Values
represent the means ± SD of samples from
three independent co-cultures. Means labeled
with the same Greek letter are not
significantly different from each other at the
95% significance level.

with the movement-enabled PVX vector (PVX-GUS) in wild type hairy roots yielded similar low
and heterogeneous GUS expression. Thus, there was no evidence to suggest that this host was
capable of supporting systemic infections from full-genome PVX vectors, or cell-to-cell
movement from deconstructed PVX vectors complemented with TMV MP. The hypothesis that
movement-deficient PVX vectors can be complemented in trans by the TMV MP remains
unproven. Consistent with these results, are reports demonstrating that tobacco plants transgenic
for TMV MP did not support infection by a PVX mutant with a deletion in the TGBp1 movement
protein (Ares, et al., 1998). Similar TMV MP-transgenic plants also failed to complement cell-tocell movement of a PVXΔTGB vector (Atabekov, et al., 1999).
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Figure 5-4. (A) Effect of transient co-delivery of TMV MP on transient GUS expression from
the minimal PVX vector in hairy roots relative to the pBY031-I1 (LSL) control. (B) Transient
GUS expression from the minimal PVX vector in three independent N. benthamiana hairy root
lines transgenic for TMV MP sampled from the center and edge of the root mats.

5.5 Conclusions
There was no evidence of TMV MP-mediated complementation of movement-disabled
PVX vectors in hairy roots or cell suspensions. Since the PVX full-genome vector also failed to
establish a systemic infection in non-transformed hairy roots, PVX may not be a suitable viral
vector for hairy roots. Positive control treatments may be needed to demonstrate the functionality
of the TMV MP construct. This control might be provided by transient co-infiltration experiments
in N. benthamiana leaf tissue where movement-complemented PVX vectors should lead to the
observation of larger GUS foci than non-complemented vectors.
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Chapter 6
Conclusions and future work

6.1 Conclusions
The heterogeneous distributions of transient GUS expression in hairy roots and cell
suspensions have different physiological interpretations and different practical implications for
improving protein production capacity. In hairy roots, a movement-enabled viral vector derived
from TRV overcame the limited number of surface cells amenable to agroinfection to yield
reproducible transient expression on the order of 0.5% TSP. While similar or higher yields were
sporadically observed in cell suspensions, the key physical and physiological factors required to
reliably achieve this level of expression remain to be identified. Moreover, amplification on the
intracellular level through the application of replicating and non-replicating RNA viral vectors
did not dramatically improve the performance of this platform.
From a bioprocess engineering perspective the increased rate of growth and scalability of
plant cell suspension cultures must be weighed against the variability inherent to this platform for
transient protein expression. At the pilot or commercial scale the goal is to maximize
productivity from every batch while producing a product of consistent quality. Unpredictable
product yields could detrimentally affect the design and performance of reactor vessels and
separation equipment; accommodating large variations in expression levels may require a
prohibitively high fixed capital investment. As a result, until the issue of inconsistent transient
expression is resolved in plant cell suspensions, hairy root cultures may be a preferable host for
heterologous protein expression. Despite the inherent scale-up difficulties of hairy roots, the
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higher absolute expression levels now possible with the TRV vector described in this work render
this a feasible approach.

6.2 Future work
A number of promising lines of research remain to be explored as a follow-up to the work
reported in this dissertation. The recommendations described below can be divided into two main
research themes: (1) further improving the N. benthamiana hairy root host to support increased
TRV replication by integrating TRV RNA1 and/or a strong suppressor of PTGS into the nuclear
genome, and (2) investigating alternative bioreactor production strategies for hairy roots made
possible by the application of a cost-effective means of eliminating Agrobacterium and protein
secretion into the liquid medium. Although still far from a reality, the combination of the above
two approaches would represent a vastly superior protein production platform compared with
technologies presently available. Finally, screening and selection approaches are discussed in the
context of improving transient protein expression in plant cell suspensions to overcome
challenges related to the unpredictable temporal variations in expression levels experienced to
date.

6.2.1 Alternative transgenic and transient approaches to suppression of PTGS in hairy roots
Modification of the host tissue to constitutively express a viral suppressor of silencing
could increase transient expression in hairy roots. Nicotiana benthamiana hairy roots transgenic
for these suppressors are particularly desirable given the demonstrated ability of this species to
support recombinant TRV infection. N-terminal HA-tagged PCR products of TBSV p19 and TEV
HC-Pro could be cloned into a 35S cassette of the binary vector pBIN61 and transformed into
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both A. tumefaciens and A. rhizogenes. Functionality of the tagged constructs for PTGSsuppression could then be confirmed by co-infiltrating N. benthamiana leaves with A.
tumefaciens harboring tagged or untagged versions of the suppressors along with a 35S-GUSintron construct. Successful suppression of PTGS should result in increased transient GUS
expression relative to control treatments, such as that observed in Figure 2-3B. A. rhizogenes
could then be used to co-transform N. benthamiana hairy root lines with each tagged suppressor
and the empty vector control. Genomic DNA extracted from each line would confirm the
transgenic status by PCR and the stable integration of the rolb gene. Expression levels of PCR+
lines of HA-tagged p19 and HC-Pro could then be quantified by western blot. For both
constructs, relative expression level of the suppressor could then be correlated with transient
expression of the TRV vector using A. tumefaciens harboring the pTRV1 and pTRV2-GI
plasmids. This final experiment would test the hypothesis that gene-silencing limits transient
expression from a TRV vector in N. benthamiana hairy roots.
An alternative approach to the transgenic complementation strategy described above is to
co-express a strong heterologous PTGS suppressor from a TRV RNA2 dual expression cassette
that also contains the GUS-intron transgene. A single TRV RNA2 vector has been successfully
employed for the co-expression of multiple reporter gene products using a duplicated PEBV CP
subgenomic promoter in systemically-infected leaves of N. benthamiana plants (Marton, et al.,
2010). This approach would be suitable for screening in non-transgenic hairy root lines. However,
the stability of TRV RNA2 modified with several large inserts is not well established. Moreover,
it is conceivable that TRV infection may still fail to initiate in many root cells due to PTGS onset
prior to high-level viral replication, which is required for both transgene and suppressor
expression. In contrast, uniform and constitutive expression of a suppressor from a transgenic
tissue would ensure TRV has a chance to establish infection in nearly every cell. Importantly,
suppression of PTGS would precede viral infection when transgenic tissue is used.
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6.2.2 Stable integration of TRV RNA1
It may also be desirable to establish hairy root hosts that are transgenic for TRV RNA1
under the control of an inducible promoter. TRV RNA1 contains the viral RNA-dependent RNA
polymerase. Such a host would eliminate the need for dual delivery of RNA1 via A. tumefaciens
for transient amplification of transgenes delivered on RNA2. This could also improve the
economics of scale-up since one less culture of Agrobacterium would have to be grown in a
fermentor prior to co-culture with plant tissue. Nuclear integration of RNA1 in every cell may
also improve the kinetics and efficiency of RNA2 infection since both RNAs must be present in a
cell for transgene amplificiation to occur. Previous results in our lab have suggested that the
ethanol-inducible promoter is auto-induced by endogenously produced ethanol in seedlings when
germinated under low oxygen conditions (Curtis and Tuerk, 2006). This finding suggests that
control of oxygen partial pressure might be used for any plant tissue cultured in a controlled
environment such as a bioreactor to induce the expression of a viral component such as the TRV
RNA1 for the in trans complementation of an Agrobacterium-delivered TRV RNA2 vector.

6.2.3 Use of bacteriophage for secreted transient protein production in continuous
bioreactors
The development of an A. tumefaciens bacteriophage could facilitate the development of
a continuous transient protein production system in which hairy roots secrete valuable
heterologous proteins. Fusion with an ER-targeting signal peptide can direct heterologous
proteins to the ER lumen and through the default secretory pathway for secretion into the plant
tissue culture medium (Ono and Tian, 2011). Recently, transgenic hairy root cultures have been
demonstrated as a platform for the secreted production of human therapeutics (Liu, et al., 2009).
Agrobacterium-mediated delivery of TRV vectors could be used to rapidly produce proteins from
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non-transformed hairy root hosts, or previously-transformed improved hosts with nuclearintegrated anti-gene silencing functionality to support increased viral replication.
While the continual presence of Agrobacterium is probably desirable for rapidly dividing
plant cell suspensions to ensure T-DNA delivery to new daughter cells, this may not be the case
in hairy roots where viral vectors such as TRV can move systemically to newly created tissues.
Even using the cys-32 auxotrophic strain of A. tumefaciens, bacterial overgrowth is inevitable in
co-cultures of plant cell suspensions and hairy roots. Shake flask co-cultures of hairy roots must
be harvested within 6 days of co-culture initiation to prevent bacterial overgrowth from having a
detrimental effect on transient expression yields.
An A. tumefaciens bacteriophage (Sollitti and Chesney, 1987) could facilitate the
elimination of Agrobacterium from hairy root co-cultures following a brief DNA delivery phase.
Compared to antibiotics which can cost hundreds of dollars per gram, bacteriophage is
inexpensive to produce and easily scalable to match any required demand. Co-culture and
subsequent treatment with bacteriophage could enable a prolonged protein production phase. At
the pilot scale this process could be accomplished by a batch growth phase preceding a
continuous or semi-continuous production phase where the hairy roots are retained in a bioreactor
while the media is exchanged and extracellular protein is harvested. Depending on the length of
the production phase, cumulative protein yields could far exceed those possible with batch or fedbatch culture where the production window is fixed. Moreover, curing the co-cultures of
Agrobacterium could reduce the burden on downstream processes by reducing bacterial titers in
the media as well as the stress-related exudates secreted by the hairy roots as a pathogen
response. Upstream production costs could also be reduced by scale-up of root cultures in a low
capital-cost bioreactor such as the plastic-lined vessel operated as a three-phase trickle-bed
bioreactor.
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6.2.4 Improving plant cell suspensions as hosts for transient expression
Absolute yields of transiently-expressed GUS fluctuate by more than an order of
magnitude between identical experiments inoculated at different times, despite reproducible
expression between replicate flasks within an experiment. Based on this observation and the
qualitatively heterogeneous distribution of GUS at the single-cell level in transiently-transformed
plant cell suspensions (Figure 3-1), it is hypothesized that the differences in expression levels
from one experiment to the next may be attributed to variability in the fraction of cells that are
permissive to transient expression. Thus, in cell suspensions there may be considerable room for
improvement by increasing the population of cells that can be transiently transformed. Two
different approaches to accomplishing this goal based on screening and selection are outlined
below.
Screening for a population of plant cells that are highly amenable to transient expression
is one strategy for improving the producitivity of the platform. An initial screen must narrow
down a single species and cell line on which to focus more targeted screening. Historically, cell
lines derived from N. glutinosa have provided the best hosts for transient expression, but screens
have been limited to only a few species of Nicotiana and Solanum. It is worth noting that the
optimal auxotrophic strain of A. tumefaciens may also be species-dependent. Suspension cultures
of a particular cell line of interest could then be transiently-transformed with A. tumefaciens
haboring a GFP-intron construct, enzymatically digested, and subjected to flow cytometry to sort
the individual cells by fluorescence intensity. Following fluorescence-activated cell sorting
(FACS), isolated subpopulations of cells could be cured of Agrobacterium and used to establish
new cell lines for further study as hosts for transient protein expression. A similar method has
previously been developed for the isoloation and culture of single-cell Taxus suspensions (Naill
and Roberts, 2005). Flow cytometry of single-cell suspensions would also enable the full
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characterization of cell culture heterogeneity, which is otherwise not captured in tradiational
population-average measures of transient GUS expression. Repitition of this analysis over several
experiments could provide insight into the nature of the cell-to-cell variability observed as the
temporal differences in bulk expression across experiments conducted under similar conditions.
Moreover, the isolation and proliferation of superior single-cell subpopulations could prove to be
a powerful tool to potentially overcome this variability and establish highly productive cell lines
amenable to reproducible Agrobacterium-mediated transient protein expression.
A low-technology alternative to the FACS technique could be achieved by briefly
applying kanamycin selection to cell suspension co-cultures transiently expressing the NPTII
marker, prior to nuclear integration of the transgene. This transient selection process would
enable the survival of only the cells that achieve a transient protein expression level above a
certain threshold. Subsequent treatment with antibiotics such as cefotaxime could cure the
surviving superior subpopulation of Agrobacterium. Follow-up experiments could then
characterize these „selected‟ cell lines for their transient GUS expression productivity relative to
controls.

Appendix A
Media recipes

MS Medium (MS)
FW
342

Sucrose(A)
MS Macronutrients(B) (10x)
NH4NO3 (ammonium nitrate)

[final]
7.3 x 10-2 M
-2

[stock]
--

prep / L
25 g

/ 250 mL
6.25 g

100 mL

25 mL

1 mL

0.25 mL

10 mL

2.5 mL

CaCl22H2O
CaCl2 (anhydrous)
MgSO47H2O
MgSO4 (anhydrous)
KH2PO4 (potassium phosphate monobasic)

80.0
101.1
147.0
111.0
246.5
120.4
136.1

2.06 x 10 M
1.88 x 10-2 M
3.00 x 10-3 M
3.00 x 10-3 M
1.50 x 10-3 M
1.50 x 10-3 M
1.25 x 10-3 M

16.48 g/L
19.01 g/L
4.41 g/L
3.33 g/L
3.70 g/L
1.81 g/L
1.70 g/L

MS Micronutrients(C) (1000x)
MnSO4H2O (manganous sulfate)
MnSO4 (anhydrous)
ZnSO47H2O
H3BO3 (boric acid)
KI (potassium iodide)
Na2MoO42H2O (sodium molybdate)
CuSO45H2O
CuSO4 (anhydrous)
CoCl26H2O
FeNa-EDTA(D) (100x)

169.0
151.0
287.5
61.8
166.0
242.0
249.7
159.6
237.9
367.1

1.00 x 10-4 M
1.00 x 10-4 M
3.00 x 10-5 M
1.00 x 10-4 M
5.00 x 10-6 M
1.00 x 10-6 M
1.00 x 10-7 M
1.00 x 10-7 M
1.00 x 10-7 M
1.00 x 10-4 M

16.90 g/L
15.10 g/L
8.63 g/L
6.18 g/L
0.83 g/L
0.24 g/L
0.025 g/L
0.016 g/L
0.024 g/L
1 mL

0.25 mL

337.3
123.1
205.6
180.2

0.10 mg/L
0.50 mg/L
0.50 mg/L
100 mg/L

0.10 g/L
0.50 g/L
0.50 g/L
10 g/L

10 mL

2.5 mL

75.1

2 mg/L

0.20 g/L

10 mL

2.5 mL

6g

1.5 g

KNO3 (potassium nitrate)

3.67 g/L

(C, E)

MS Vitamins
(1000x)
Thiamine-HCl
Nicotinic acid
Pyridoxine-HCl
Inositol (100x)(E)
Glycine (100x)

(E)

pH = 5.5 (record initial pH)
Typical volume = 50 mL / 125 mL Erlenmeyer
-6 g/L
--

Agar
Kanamycin Monosulfate
Cefotaxime Sodium

(G)

(F)

582.6

200 mg/L

50 g/L

4 mL

1 mL

477.5

300 mg/L

100 g/L

3 mL

0.75 mL
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Original formulation for MS media called for 30 g/L sucrose. It was decided to reduce this level
to standardize root and cell media (B5 originally called for 20 g/L sucrose). A level of 25 g/L was
chosen as a compromise.
(A)
To maintain the carbon to macronutrient stoichiometry, the amount of MS Macro stock
can be reduced to 83.3 mL/L media.
(B)

The vitamin stock solutions are prepared in 100 mL batches, distributed to clean 15-mL
falcon tubes (<13 mL per tube to allow room for expansion) and stored at -20°C.
Individual tubes can be thawed as needed and stored at 4°C for immediate use (up to 1
month). All 3 vitamins (solid stocks) should be stored desiccated at room temperature.

(C)

Iron(III) EDTA (FeNaC10H12N2O8) has an anhydrous FW of 367.05. The original Ironchelator solution was created by adding 27.3 mg/L FeSO47H2O (FW=278) to 37.3 mg/L
Na2EDTA2H2O to create a stock solution with equimolar concentrations of Iron and
EDTA. Note that although the degree of hydration of disodium EDTA is not specified by
several venders (Sigma, Gibco) the dihydrate (FW=372.2) is the only available form, and
this would give the same molarity (0.100 mM) for both Fe and EDTA. The iron-sodiumEDTA is now available, but apparently it has a variable degree of hydration (3 batches all were different). Equivalent Fe and EDTA molarity can be calculated: FeEDTA[2H2O] (FW=403.1), 4.03 g/L; [2.5H20] (FW=412.1), 4.12 g/L; [3H20]
(FW=421.1), 4.21 g/L …

(D)

These organic supplements are stable for up to 1 month when stored at 4°C. The
inorganic stock solutions are probably stable for much longer periods under these
conditions.

(E)

Kanamycin stock solutions should be filter sterilized and stored at -20°C for long-term
storage. When preparing Kan stocks note that the potency will vary widely from batch to
batch and is typically < 80% (for instance 791 µg/mg dry basis). Prepare stock such that
potency is taken into account. Liquid media prepared with kanamycin can be stored at
4°C almost indefinitely. Agar plates made with kanamycin are stable for 1 month when
stored at 4°C as long as they are sealed to prevent evaporation. At 37°C, kanamycincontaining media is stable for approximately 5 days. Kanamycin should be added to
media after autoclaving, when the bottle is warm, not hot to touch. Alternatively a
working concentration of 200 mg/L can be achieved by spreading 80 µL of Kanamycin
stock (50 mg/mL) directly on an agar plate (~20 mL) prior to use.

(F)

Cefotaxime is especially heat sensitive and the stock solution should be stored at -20°C
for a maximum of 4 months. Thaw frozen stocks at room temperature or at 4°C. Do not
force thaw by immersion in hot water baths. Media containing cefotaxime (plates and
liquid) is stable for up to 3 weeks at 4°C in the pH range of 5 to 7. At room temperature
(22°C), cefotaxime is stable for approximately 3 days. Whenever possible cefotaxime
should be added to media that is no warmer than room temperature. Cefotaxime plates
(300 mg/L) should be prepared by spreading 60 µL of stock solution (100 mg/mL)
directly on an agar plate (~20 mL) prior to use.

Application:
1) General salts formulation (with both ammonia and nitrate nitrogen source) that is the basic
stock (and often default) for many specialized media (regeneration, transformation,
micropropagation …).
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Procedure notes:
MS salts from basic solubility groups was the method used for Ph.D. This approach was
abandoned ‟95-‟01 since very little media was MS-based. With the increased use of tobacco,
maintenance of shoot cultures, transgenic plants and media using MS, we went back to solutionbased media prep using stock solutions 8/8/2001. Although I did not have the original stock
solution protocols handy from Ph.D., the media stocks were based on examining numerous
protocols for media.
Media References:
► Murashige, Toshio; Skoog, Folke. A revised medium for rapid growth and bio assays
with tobacco tissue cultures. Physiologia Plantarum 15: 473-497, 1962.
► Gamborg, O. L.; Miller, R. A.; Ojima, K. Nutrient requirements of suspension of soybean
root cells. Exp. Cell Res. 1968, 50, 151-
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MS for Glutinosa (MSG)
FW
342

Sucrose(A)
MS Macronutrients(B) (10x)
NH4NO3 (ammonium nitrate)

[final]
7.3 x 10-2 M
-2

[stock]
--

prep / L
25 g

/ 250 mL
6.25 g

100 mL

25 mL

1 mL

0.25 mL

10 mL

2.5 mL

CaCl22H2O
CaCl2 (anhydrous)
MgSO47H2O
MgSO4 (anhydrous)
KH2PO4 (potassium phosphate monobasic)

80.0
101.1
147.0
111.0
246.5
120.4
136.1

2.06 x 10 M
1.88 x 10-2 M
3.00 x 10-3 M
3.00 x 10-3 M
1.50 x 10-3 M
1.50 x 10-3 M
1.25 x 10-3 M

16.48 g/L
19.01 g/L
4.41 g/L
3.33 g/L
3.70 g/L
1.81 g/L
1.70 g/L

MS Micronutrients(C) (1000x)
MnSO4H2O (manganous sulfate)
MnSO4 (anhydrous)
ZnSO47H2O
H3BO3 (boric acid)
KI (potassium iodide)
Na2MoO42H2O (sodium molybdate)
CuSO45H2O
CuSO4 (anhydrous)
CoCl26H2O
FeNa-EDTA(D) (100x)

169.0
151.0
287.5
61.8
166.0
242.0
249.7
159.6
237.9
367.1

1.00 x 10-4 M
1.00 x 10-4 M
3.00 x 10-5 M
1.00 x 10-4 M
5.00 x 10-6 M
1.00 x 10-6 M
1.00 x 10-7 M
1.00 x 10-7 M
1.00 x 10-7 M
1.00 x 10-4 M

16.90 g/L
15.10 g/L
8.63 g/L
6.18 g/L
0.83 g/L
0.24 g/L
0.025 g/L
0.016 g/L
0.024 g/L
1 mL

0.25 mL

337.3
123.1
205.6
180.2

10 mg/L
1 mg/L
1 mg/L
100 mg/L

10.0 g/L
1.0 g/L
1.0 g/L
10 g/L

10 mL

2.5 mL

221.0

0.50 mg/L

0.10 g/L

5 mL

1.25 mL

215.2

0.20 mg/L

0.05 g/L

4 mL

1.0 mL

6g

1.5 g

KNO3 (potassium nitrate)

3.67 g/L

(C, E)

B5 Vitamins
(1000x)
Thiamine-HCl
Nicotinic acid
Pyridoxine-HCl
Inositol (100x)(E)
(H)

2,4-D

Kinetin

(2,4-dichlorophenoxyacetic acid)
(I)

pH = 5.7 (record initial pH)
Typical volume = 50 mL / 125 mL Erlenmeyer
-6 g/L
--

Agar
Kanamycin Monosulfate
Cefotaxime Sodium

(F)

(G)

582.6

200 mg/L

50 g/L

4 mL

1 mL

477.5

300 mg/L

100 g/L

3 mL

0.75 mL

→See MS Media recipe for footnotes A – G

(G)

The 2,4-D stock solution is prepared by dissolving in 0.75 mL 1N NaOH before bringing to 250
mL with MilliQ water. Aliquots are distributed to clean 50-mL falcon tubes (<45 mL per tube to
allow room for expansion) and stored at -20°C. Individual tubes can be thawed as needed and
stored at 4°C for immediate use (up to 1 month). 2,4-d solid stock should be stored desiccated at
room temperature.

(H)

The kinetin stock solution is prepared by dissolving in 0.3 mL 1N HCl before bringing to 200 mL
with MilliQ water. Aliquots are distributed to clean 50-mL falcon tubes (<45 mL per tube to allow
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room for expansion) and stored at -20°C. Individual tubes can be thawed as needed and stored at
4°C for immediate use (up to 1 month). Kinetin solid stock should be stored desiccated at room
temperature.

Applications:
1) Induce callus formation from Nicotiana glutinosa (N.g.) leaf transformations with A.t.
2) Induce callus formation from N.g. root cultures transformed with A.t.
3) Induce callus leading to suspension cultures of N.g.
4) Maintenance culture of N.g. cells

Typical media prep: 20 plates, 25 mL/plate = 500 mL
Notes:
This media is based on information from: Studies on the Culture Conditions of Higher
Plant Cells in Suspension Culture Part II. Effect of Nutritional Factors on the Growth.
Matsumoto, T.; Okunishi, K.; Nishida, K.; Noguchi, M.; and Tamaki, E. Agr. Biol. Chem. 35(4):
543-551, 1971.
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B5 Root Medium (B5)
[final]
25 g/L

Sucrose
B5 Macronutrients (10x)
KNO3 (potassium nitrate)
NaH2PO42H20 (A)
CaCl22H20 (B)
(NH4)2SO4 (ammonium sulfate)
MgSO47H20 (C)
B5 Micronutrients (1000x)
MnSO4H20 (D) (manganous sulfate)
H3BO3 (boric acid)
ZnSO47H20
KI (potassium iodide)
Na2MoO42H20 (sodium molybdate)
CuSO45H20 (E)
CoCl26H20
Fe-EDTA[2H20] (F) (iron-EDTA)
B5 vitamins (1000x)
Thamine-HCl
Nicotinic acid
Pyridoxine
Inositol

(A)
(B)
(C)
(D)
(E)
(F)

2.5 g/L
0.17 g/L
0.15 g/L
0.134 g/L
0.25 g/L

[stock]
--

prep / L
25 g

/ 250 mL
6.25 g

100 mL

25 mL

1 mL

0.25 mL

10 mL

2.5 mL

1 mL

0.25 mL

10 mL

2.5 mL

25 g/L
1.7 g/L (A)
1.5 g/L (B)
1.34 g/L
2.5 g/L (C)

(X) mg/L
10 g/L
3 g/L
2 g/L
0.75 g/L
0.25 g/L
0.025 g/L (D)
0.025 g/L
40.3 mg / L

10 mg/L
1 mg/L
1 mg/L
100 mg/L
pH = 5.5 (record initial pH)

4.0 g/L (4.0 mg/mL)
10 g/L (10 mg/mL)
1 g/L (1 mg/mL)
1 g/L (1 mg/mL)
10 g/L (10 mg/mL)

(Sodium phosphate monobasic, dihydrate MW=156) If use NaH2PO4H20 (MW=138),
stock contains 1.5 g/L; if use anhydrous NaH2PO4 (MW=120), stock contains 1.3 g/L.
(dihydrate MW=147) If use anhydrous CaCl2 (MW=111), stock contains 1.13 g/L
(heptahydrate MW=246.5) If use anhydrous MgSO4 (MW=120), stock contains 1.22 g/L
(manganese II sulfate, monohydrate MW=169.0) If use anhydrous MnSO4 (MW=151),
stock contains 8.93 g/L.
(pentahydrate MW=249.7) If use anhydrous CuSO4 (MW=159.6), stock contains 0.016
g/L.
(Ferrous EDTA: FeNaC10H12N2O8; anhydrous MW=367.1) The original Iron-chelator
solution was created by adding 27.3 mg/L FeSO47H2O (FW=278) plus 37.3 mg/L Na2EDTA [although the degree of hydration of di-sodium EDTA is not specified on several
venders (Sigma, Gibco) the dihydrate (FW=372.2) is the only available form, and this
would give the same molarity (0.100 mM) for both Fe and EDTA. The iron-sodium-EDTA
is now available, but apparently it has a variable degree of hydration (3 batches - all were
different). Equivalent Fe and EDTA molarity can be calculated: Fe-EDTA[2H2O]
(FW=403.1), 4.03 g/L; [2.5H20] (FW=412.1), 4.12 g/L; [3H20] (FW=421.1), 4.21 g/L

Application:
1) General maintenance of root cultures.
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2) Basic salts component of various short-term treatment solutions.
Typical volume: 50 mL/ 125 mL Ehrlenmeyer
Procedure notes:
Note that prior to 8/8/2001, CaCl2 and KI were added as separate solutions. Since CaCl2 is included in
other macronutrient recipes, and KI is in other micronutrient formulations, these were moved to
simplify preparation procedure. The rational/hearsay for separation of these components (Ca for
precipitate? … KI for stability) are not substantiated by the formulations of others.

Based on the notes of Dr. Hector Flores (which apparently as listed in a book edited by Indra
Vasil, the B5 iron solution had been prepared as a 4.3 g/L solution of Fe-Na-EDTA. It is
possible that the iron-EDTA used in their work had a high degree of hydration (see note D
above). None-the-less, on 8/8/2001, Dr. Curtis recalculated the solution requirements
based on the original salts mixture as given in that note.
Media Reference:
Gamborg, O. L.//Miller, R. A.//Ojima, K. Nutrient requirements of suspension cultures of
soybean root cells. Experimental Cell Research 50:151-158, 1968.

Appendix B
Phosphate assay

I. PREPARATION:

□
□

Prepare a fresh stock of ascorbic acid
Check on availability of Cirino plate reader

II. PHOSPHATE ASSAY
Adapted directly from W. R. Curtis 1988 PhD Thesis (Purdue)
Background: The same colorimetric inorganic phosphate assay is used to measure media
phosphate, intracellular phosphate and total cellular phosphorus (after digestion to inorganic
phosphate). Initially the procedures of Chen et al., (1956) and Murphy & Riley, (1962) were
compared. These procedures are both ammonium molybdate reduction assays, however the
Murphy & Riley assay was preferred because it utilizes a catalyst to for more rapid color
development, and does not require heating. The assay published by Murphy & Riley used a
spectrophotometer with a large path-length to improve the sensitivity of the assay. It was
necessary to adapt the procedure to a more standard 1 cm path-length. Subsequent scale-down to
adapt the assay to a 96-well plate format resulted in a slightly less sensitive assay due to the
decreased path length (lower detection limit is 20 instead of 10 µM).
II.1) Reagent Preparation
The following table provides a guide for preparing sufficient reagent to run each sample and the
calibration curve in duplicate with some excess provided for accurate pipetting, The Murphy and
Riley reagent is prepared by combining the four stock components (III.1) listed below in a ratio
of 100:30:10:60.
Number
of
samples
8
16
24
32
40

Total
volume
(mL)
5
7
9
11
13

Sulfuric acid
(μL)

Ammonium
molybdate (μL)

2500
3500
4500
5500
6500

750
1050
1350
1650
1950

Potassium
antimonyl
tartate (μL)
250
350
450
550
650

L-Ascorbic
acid (μL)
1500
2100
2700
3300
3900

In a dedicated glass vial, combine the sulfuric acid and ammonium molybdate and thoroughly
mix by vortexing. Then add the potassium antimonyl tartate and ascorbic acid. Transfer the
solution by pipette to a dedicated plastic trough immediately before use.
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The reagent is stable for 24 h. The reagent is highly toxic and excess (as well as the first rinse of
any labware used to contain the reagent including the microplate) should be collected in a
dedicated waste container for disposal by EH&S. Always wear gloves when doing this assay!
II.2) Make KH2PO4 Standard Curve Dilutions:
The duplicate standard curve solutions are individually pipetted directly on to a 96-well flatbottom plate. Although a higher variation is created by making independent dilutions for each
point, it is much more representative of the error of the assay (as opposed to pulling multiple
samples from a single dilution).
Add 65.5 L of 17 g/L KH2PO4 to 5 mL of H2O to prepare the 0.05 g/L of atomic phosphorus
standard
Individually pipette the volumes of water on the plate (largest to smallest) using a P-200
Add the standard solution to each well (pre- and post-rinse) using P-20
0.1
2
170

KH2PO4 (g atom-P)
Standard (L)
dH2O (L)

0.2
4
168

0.4
8
164

0.6
12
160

0.8
16
156

1.0
20
152

II.3) Setup of Assay Plate:
The phosphate assay is carried out in a flat-bottom 96-well plate with a total volume of 300 L
in each well. If the samples are expected to have a concentration in the range of the standard (19
– 188 mol/L), 172 L of each sample can be individually pipetted directly onto the plate in
duplicate, otherwise dilute as necessary with water directly on the assay plate. Record the dilution
used.
FIRST, pipette the balance of water to each well
In duplicate, pipette the sample volume into each well for a total volume of 172 L (pre- and
post-rinse).

A
B
C
D
E
F
G
H

Standards
1
2
0.1
0.2
0.4
0.6
0.8
1.0

II.4) Reaction:

3
1
2
3
4
5
6
7
8

4

5
9
10
11
12
13
14
15
16

6

Samples
7
8
17
18
19
20
21
22
23
24

9
25
26
27
28
29
30
31
32

10

11
33
34
35
36
37
38
39
40

12
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BE CAREFUL NOT TO GET FINGER PRINTS ON BOTTOM OF PLATE (Use EtOH with
cotton cloth to clean). I found it convenient to carry the plate wrapped in a kim wipe.
Use the multi-Pipetman to add 128 L of reagent to lanes 1-9. Avoid introducing bubbles in the
sample wells.
IMPORANT: Use a new set of tips for each row and mix each row by pressing and releasing
the plunger slowly (2-3X) while submerged in each well (only need to let it release about half
way up).
II.5) Reading of Assay Plate:
Reading of the plate (@882 nm) should be done after 10 minutes of color development.
Plate reader in the Cirino lab
1. Run Softmax Pro, Filenew
2. under Plate #1 setup choose 1 wavelength (Lm1=882), Automix 30 seconds before first read,
everything else default
3. Insert plate in the drawer without the cover.
4. click “Read” on the upper toolbar
5. File import/export  Saved to USB drive as txt file
6. Open file with excel to get numbers

III.1)

MURPHY AND RILEY REAGENT STOCK SOLUTIONS

Stock Solution
Sulfuric acid (96.4%)
Water

6.91 mL
bring to 50 mL

Final Conc.
5N

Bring to volume after allowed to cool. Store at room temperature.
Ammonium molybdate
Water

0.6 g
bring to 15 mL

40 g/L

0.0274 g
5 mL

5.48 g/L

Store at room temperature.
*Potassium antimonyl tartate
Water

*FW = 333.93. Store at room temperature.
L-Ascorbic acid
Water
Store at 4C for up to 24 h.

0.088 g
5 mL

0.10 M

Appendix C
Bradford and MUG assays
I. PREPARATION:

□

Pestle preparation: Soak and wash blue nylon epi-pestles with Tergazyme, rinse, autoclave
and dry in 70C oven.
□ Check on volumes and preparation dates of various reagents. Volume requirements are
calculated in “Grinding Calcs” worksheet, copy and paste the table below:

Sterile tips
Sterile water (mL)
Tissue Grinding
GB + 50% (mL)
SiC (mg)
Bradford Assay
BSA (mL)
Bradford reagent + 20% (mL)
GUS Assay
MU Standard (mL)
MUG (mL)
Stop Buffer (mL)

□
□

Need
288
200

Date / Prep Initials

3.253
1083
0.108
11.6
0.5
0.6
15

Verify adequate autoclaved 200 L pipette tips are available for work.
Verify adequate cut-off / autoclaved 200 L pipette tips are available for the addition of the
SiC (carborundum) grinding mix slurry.
□ Locate mixing (U-bottom), Bradford (flat bottom) and GUS plates (white opaque).
□ Verify microfuge is in pilot plant 4C walk-in or refrigerator at least an hour in advance of
grind.
□ Verify incubator is set to 37C.
□ Sterilize epi-tubes for recovered supernatant (1 for each sample). Label each epi-tube and
arrange in order in a test-tube rack.
□ Fill the ice bucket with crushed ice.
□ Thaw BSA and MUG and samples
□ Check calibration on Pipetman:
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II. TISSUE GRIND AND PROTEIN EXTRACTION:

II.1) Make the Grinding Mix (GM) from Grinding Buffer (GB) + SiC

Use 0.45 mL GM/g FW roots or cells and 2 mL/g FW leaf tissue. For the total GM needed see the
data table Section I. The amount of SiC to add was based on ratios used by Jason: 333 mg SiC /
mL GB.

II.2) Add grinding MIX (GM) containing carborumdum (SiC) to each of the epi-tubes.
Keep the samples on ice in an ice bucket (in sequential order with extra „hole‟). Add pre-chilled
volume of GM to all samples as specified in the table below using a cut-off tip (the same one can
be re-used if you are careful). Be sure to vortex the GM immediately before pulling each volume.
Keep the samples on ice while adding the GM.

II.3) Obtain Liquid Nitrogen

Take thermos and ~ half fill with liquid N2 from tank in 202 Wartik or Life Sciences.
CAUTION: DO NOT TIGHTEN LID OF ANY CONTAINER CONTAINING LIQUID N2
(EXPLOSION HAZARD)

Copy and Paste table from Grind worksheet in Excel:

Sample #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Labeled
epitube (mg)
2/9/2008 (1A)
0.8093
2/9/2008 (7A)
0.8092
2/24 (1A)
0.7918
2/24 (2A)
0.8038
2/24 (3A)
0.8037
2/24 (7A)
0.7934
2/24 (8A)
0.7885
2/24 (9A)
0.8036
2/29 (23)
0.7828
2/29 (24)
0.7983
2/29 (25)
0.7954
2/29 (26)
0.7944
2/29 (27)
0.7903
3/1 (28)
0.7952
3/1 (29)
0.8064
3/1 (30)
0.7890
4/1 (1)
0.8034
4/1 (2)
0.7944

tissue +
Recovered
epitube Tissue
(mg)
(g FW) GB ( µl)
(mg)
1.0073 0.1980
89
1.0037 0.1945
88
0.9835 0.1917
86
1.0065 0.2027
91
0.9944 0.1907
86
0.9985 0.2051
92
0.9981 0.2096
94
1.0073 0.2037
92
0.9859 0.2031
91
0.9970 0.1987
89
1.0032 0.2078
94
0.9983 0.2039
92
0.9919 0.2016
91
1.0005 0.2053
92
1.0018 0.1954
88
0.9806 0.1916
86
1.0103 0.2069
93
1.0021 0.2077
93
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II.4) Grind

Wear gloves. Remove epi-tubes from ice one at a time and dip in liquid N2 for ~3 seconds (just
deep enough to submerge the tissue portion). Do not over-freeze: it makes it harder to grind.
Grind @ low RPM (~ 60 RPM) using nylon epi-pestle in portable drill. Set timer for 80 seconds;
move around sample to facilitate grinding. The grinding and centrifugation times are optimized
for 200 mg fresh-weight tissue samples.

II.5) Centrifuge / Sample Recovery

Spin samples for 10 min in the microfuge at full speed @ 4C. Arrange the epi-tubes in sequential
order in the centrifuge with tabs facing outward. Handle samples gently and return to ice bucket.
Recover 100 L of supernatant from each sample (150 L for leaf extracts) and transfer to a prechilled, sterile epi-tube in a new ice bucket. After removal of sample for Bradford and GUS
assays, flash-freeze remaining samples in liquid N2 (or in -80 freezer) before storing in the -20
freezer in a labeled cryo-box.

III. BRADFORD ASSAY:

Background: The colorimetric Bradford assay is based on an absorbance shift in Coomassie dye
when bound to arginine and hydrophobic amino acid residues present in protein. The bound form
of the dye is blue and unbound forms are red and green. The Bradford assay measures total
soluble protein content relative to a bovine serum albumin (BSA) standard. It is carried out in 96well format with triplicate independent measurements of the BSA protein standard and duplicate
independent measurements of each sample. Each reaction well contains 150 L of diluted
sample/standard + 150 L of Bradford reagent. BSA is used as the calibration standard. The
absorbance readings are taken as a ratio (A590/450), which provides for linearization of the assay
calibration curve. The micro assay (1 to 10 g/mL) is preferred over the standard assay (100 to
1000 g/mL) because it allows for a large initial dilution of the samples in water which prevents
precipitation of the protein due to the presence of detergents as well as eliminates detergent-dye
interference. The standard assay is not compatible with the current formulation of the extraction
buffer, at least when undiluted.
BE CAREFUL NOT TO GET FINGER PRINTS ON BOTTOM OF PLATE (Use EtOH with
cotton cloth to clean). I found it convenient to carry the plate wrapped in a kim wipe.
BSA Standard Curve

Bradford reagent can be made following the simple
recipe in the appendix. Alternatively, better
sensitivity can be achieved by using undiluted BIO-

2.2
A590/A450

III.1) Bradford Reagent

BIORAD

y = 0.8834x + 1.0171
R2 = 0.9994

1.7

SIGMA

1.2

y = 0.5808x + 0.7185
R2 = 0.9934

0.7
0

0.5

1
BSA (μg)

1.5

2

ax^2
bx
c
1° dilution (fold
[GUS dilution]
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RAD Bradford reagent (BIO-RAD reagent is preferred over SIGMA). In the later case, filtering
the reagent before use is unnecessary. Gently invert the bottle several times immediately before
dispensing the product (do not shake to mix). Remove the amount of reagent needed and
equilibrate it to room temperature (RT) before use.
III.2) Make BSA Standard Curve Dilutions:

The triplicate standard curve solutions are serial diluted directly on the bradford plate. Although a
higher variation is created by making independent dilutions for each concentration, it is much
more representative of the error of the assay (as opposed to pulling multiple samples from a
single dilution).
Thaw a tube of 0.1 mg/ml BSA standard to room temperature. Mix by vortexing.
Pipette the specified volumes of water on the bradford plate (largest to smallest)
Pre-rinse and add the BSA standard to each well (largest to smallest)
BSA (g)
BSA (L)
Sterile H2O (L)

0.15
1.5
148.5

0.3
3
147

0.6
6
144

0.9
9
141

1.2
12
138

1.5
15
135

III.3) Setup of Bradford Assay Plate:
Each sample is first diluted in duplicate in lanes 7-12 of the
mixing plate (schematic in IV.4). The primary dilutions are
then serial diluted 20X directly on the Bradford plate.
1° Dilution
10X
30X

Volumes
10L sample + 90L water
5L sample + 145L water

Protein range
0.2 to 2.0 mg/mL
0.63 to 6.3

Note that it is critical that both
the primary and secondary
dilutions are done with water to dilute GUS buffer in the samples to less than 0.7%. At higher
concentrations the SLS detergent present in GUS buffer interferes with the Bradford assay (see
adjacent chart). For samples that are ~50% GUS buffer in composition, this corresponds to a
minimum primary dilution of 4X.
Suggestion from RAININ: Use a new tip each time for best accuracy and precision when measuring samples with temperatures
greatly different from ambient, and do not pre-rinse. You will get best results if there is no delay between picking up the sample and
dispensing it. Because protein can partition between phases, it is also important to ensure that each sample is completely free of ice
before pulling an aliquot.

Mixing plate
Lanes 7-12
__ L to each vortexed sample (no pre-rinse)
Lanes 7-12
__ L of water (mix well by pipette)
Bradford plate
Lanes 1-3
150 L of BSA standard dilutions (see schematic below)
Lanes 4-9
42.5 L of water to facilitate quantitative sample dispensing
Lanes 4-9
7.5 L from lanes 7-12 of the mixing plate (pre&post rinse)
Lanes 4-9
100 L of water (mix well by pipette)

IMPORANT: It is
critical that the water be
added last to the
Bradford sample
dilutions. This facilitates
mixing to ensure the
protein sample does not
precipitate upon addition
of the Bradford reagent.
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A
B
C
D
E
F
G
H

1
0.15
0.3
0.6
0.9
1.2
1.5

2
BSA
BSA
BSA
BSA
BSA
BSA

3
0.15
0.3
0.6
0.9
1.2
1.5

4
1
2
3
4
5
6
7
8

5

6
9
10
11
12
13
14
15
16

7

8
17
18
19
20
21
22
23
24

9

10

11

12

III.4) Bradford Reaction:
Working quickly, use the multi-Pipetman to add 150 L of Bradford reagent to lanes 1-9 with a
new set of tips for each lane. Avoid introducing bubbles in the sample wells by not “kicking” out
the last volume
IMPORANT: Upon addition of the reagent, mix each lane by pressing and releasing the plunger
slowly (2-3X) while submerged in each well (only need to let it release about half way up). Start
timer with first addition to first lane. Pop any bubbles that are present by hand using a small
safety pin.

III.5) Reading of Bradford Assay Plate:
Incubate the plate at room temperature for 7 and 15 min for best results
Plate reader in the Cirino lab:
1. Run Softmax Pro, Filenew
2. under Plate #1 setup choose 2 wavelengths
(Lm1=590, Lm2=450), Automix 30
seconds before first read, everything else
default
3. Insert plate in the drawer without the cover.
4. click “Read” on the upper toolbar
5. File import/export  Saved to USB
drive as txt file

OR Get key to Buckhout Common equipment
room and take a zip disk with you.
1. Power on the plate reader and computer
2. Click on the “HT Soft” desktop shortcut
3. Run existing method “Bradford2b shake”
4. Click “Run” (with no sample list)  Enter
a name  Insert plate without cover 
Start
5. Remove plate and cover it
6. “Save As” to zip disk as Excel 95/97
format
7. Exit HT Soft and power off the plate reader

IV. GUS ASSAY:
The GUS assay is a kinetic assay where a reaction is started and quenched at multiple time points.
The amount of GUS is then assessed from the rate of product (MU) formation from the substrate,
MUG. This assay is functionally normalized by the amount of protein based on the Bradford
assay. Since fluorescence provides an extremely linear response over several orders of magnitude
of signal strength, it is possible to very accurately measure even extremely small concentrations
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of GUS. Functionally, this means any signal more than about 3x the background fluorescence of
the blank will exceed the minimum detection limit and provide a meaningful linear response.

IV.1) MU Standard:
Because the basic stop buffer of the reaction enhances the fluorescence of MU product, it is
important that the standard be in the same ratio to stop buffer as the quenched reactions. Note
that no reaction occurs in the MU standards. The standards are prepared from a stock solution of
4000 nM MU. Upon dilution with stop buffer the maximum MU concentration in the standard
curve is 1000 nM MU, which corresponds to cleavage of 2% of the total MUG substrate initially
present in the samples. Minimal substrate consumption is critical to ensuring linear kinetics since
the concentration of MUG (0.2 mM) is well below the Km for GUS (0.57 mM MUG). The
reaction mix of 50 L of standard is quenched by adding 150 L of stop buffer.
Transfer 0.5 mL of 4000 nM MU into an epitube for easier dispensing.
Into each of the MU standard wells (lanes 1-2) add the appropriate volume of 4000 nM MU
standard (at room temperature) and water using the P-100. Each standard is prepared in triplicate.
Final MU (nM)
MU Stock (L)
H2O (L)

0
0
50

250
12.5
37.5

500
25
25

750
37.5
12.5

1000
50
0

IV.2) Set-up of GUS Assay Mixing plate:

Each protein extract is serial diluted to approximately 0.005 mg/ml (and no more than 0.01
mg/ml) from a new primary 10 to 20-fold dilution in GUS buffer on the mixing plate. For typical
cell samples this can be accomplished by a 10-fold dilution (10L sample + 90L GB) in lanes 13 on the mixing plate followed by a 21-fold serial dilution in lanes 4-6 (5L primary dilution +
100L GB). For more concentrated samples the primary dilution can be increased to 20-fold
(10L sample + 190 GB) and the secondary dilution can be adjusted by decreasing the volume of
the primary diluent or increasing the volume of the GUS buffer (up to 250L total), also keeping
in mind the minimum volume required for the assay.
The total protein per sample for the GUS assay is minimized to ~0.1 g since endogenous
inhibitors in the extract can lead to significant underestimation of the absolute GUS activity (by
about 30% and 40% for 1 and 2 g of protein, respectively) [See Excel Bradford workbook].
Suppression of endogenous inhibitors by sufficient dilution also negates the need to normalize the
TSP content of the samples. In other words, at low concentrations, small variations in the
endogenous inhibitor (and TSP) concentration across samples will have a negligible affect on the
relative measures of GUS activity. See additional notes about dilution in section IV.4. Record
the actual dilution volumes used below
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Vortex each (melted) sample before removing aliquot (no pre-rinse). To lanes 1-3 add GUS
buffer (room temp.) and mix each lane by pipette. Use similar technique for secondary dilutions
(pre-rinse).

A
B
C
D
E
F
G
H

1
1
2
3
4
5
6
7
8

2
9
10
11
12
13
14
15
16

3
17
18
19
20
21
22
23
24

4

5

6

1° GUS dilution

2° GUS dilutions

10 L sample
+ __ L GB

__ L 1°
+__ L GB

7
1
2
3
4
5
6
7
8

8
1
2
3
4
5
6
7
8

9
9
10
11
12
13
14
15
16

10
9
10
11
12
13
14
15
16

11
17
18
19
20
21
22
23
24

12
17
18
19
20
21
22
23
24

1° Bradford dilutions

__ L sample
+__ L water

IV.3) GUS Reaction Substrate (MUG Mix):
To each of the 20 L samples in the reaction wells 30 L of MUG mix is added from a trough (5
L of 2.0 mM MUG substrate + 25 L of GUS extraction buffer; 0.2 mM final [MUG]). A total
of 3.6 mL of MUG mix is more than sufficient for the entire plate: (aliquoted to epitubes and
stored at -20C).
Combine 3.0 mL GUS Buffer with 0.60 mL of 2.0 mM MUG
IV.4) Starting and Quenching the GUS reaction:

The reactions are carried out in a white opaque 96-well plate for the fluorescence reading.
Triplicate samples can be pipetted from the GUS assay mixing plate using the multi-Pipetman.
Thoroughly mix by multi-pipette before transferring each aliquot over to the fluorometric plate.
Lanes 1-2
Lanes 3-5
Lanes 6-8
Lanes 9-11

50 L of MU standard dilutions
20 L from Lane 4 of the mixing plate
20 L from Lane 5 of the mixing plate
20 L from Lane 6 of the mixing plate
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A
B
C
D
E
F
G
H

1
1000
1000
1000
750
750
750
250

2
500
500
500
0
0
0
250
250

3

4
1
2
3
4
5
6
7
8

5

6

7
9
10
11
12
13
14
15
16

8

9

10
17
18
19
20
21
22
23
24

11

12

GUS Reaction START
Before you start, make sure the stop buffer is prepared and ready to add with multi-Pipetman.
Pre-warm MUG mix and GUS plate for 5 min at 37°C in incubator.
Add 30 L of MUG mix to lanes 3-11 using the 200 L multi-Pipetman (pre-wet)
Do this as quickly/accurately as possible (this is t=0 in the kinetic assay). To save time the same
set of tips can be used for all lanes if you are careful to avoid cross-contamination. Work from
lane 3 to lane 11 at an even pace (in order) so that each group of 3 replicates is started at
approximately the same time. Firmly contact the pipette tips to the left wall of each well at a
slight angle, above the final liquid level. Depress plunger to the first stop. Keep the GUS plate in
the 37C incubator in between quenches for the duration of the assay.
GUS Reaction STOP
For maximum sensitivity the overall dilution should be selected such that final quench will yield
samples that will read towards the middle of the standard curve. To accomplish this, the quench
time schedule should be dictated by the maximum final protein concentration and the maximum
expected GUS expression such that:

max quench time (minutes) 

0.06
Cfinal (mg/mL) max GUS(%TSP)max

The first quench is usually done at around 2 minutes and the 2nd quench should be about halfway
between this and the final quench time. This generally ensures that all samples will fall within the
standard curve. Thus, if the max quench time is less than 5-6 minutes it may be desirable to
increase the overall dilution.
Add 150 L of stop buffer for each quench timepoint at 20 second intervals between lanes.
Quench time
Quench 1 (Lanes 3, 6, 9)
Quench 2 (Lanes 4, 7, 10)
Quench 3 (Lanes 5, 8, 11 and 1, 2)
Add stop buffer quickly and at an even pace using a new set of tips for each lane, otherwise using
the same technique used to add the MUG mix. Even trace amounts of stop buffer can quench the
reaction so be careful to shield the un-quenched lanes adjacent to where you are adding stop
buffer with a plate cover to avoid stopping them too early.
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IV.5) Reading the GUS assay results.
The reaction products are stable for at least 24 hours at room temperature when quenched, so in
principle there is no urgency in reading…. though it is hard to imagine not being anxious to get
the numbers!
1.
2.
3.
4.
5.
6.
7.
8.
9.

Power on the Tecan plate reader (switch on back right side).
Run the Tecan excel file “Xfluor4” on the desktop.
When prompted with the security warning choose to enable macros.
Navigate to Xfluor4  connect and select “GENios FL”
Navigate to Xfluor4  load measurement parameters and choose “MUG Parameters.mps”
Insert the plate without the lid with A1 in the upper left corner
Navigate to Xfluor  start measurement
Save the data to a USB drive
Remove the plate, close the program and power off the plate reader.
Measurement parameters

plate definition
excitation
emission
gain
lag time
integration time
number of flashes

V.1)

cos96fw.pdf
360
465
47 (manual)
0
20
20

MATERIALS / REAGENTS

GUS Buffer / Grinding Buffer
pH 7 Sodium Phosphate buffer (100 mM)
Na2-EDTA (250 mM stock, pH=7)
Triton-X100 (10% v/v stock)
Sarcosyl [SLS] (2% w/v stock)
2-mercaptoethanol (14.3 mol/L)
Milli-Q water

50 mL
4 mL
1 mL
5 mL
70 L
40 mL

Final Conc.
50 mM
10 mM
0.1%
0.1%
10 mM

No need to dilute volumetrically. Store at 4C for up to 3 months.
pH 7 Sodium Phosphate Buffer (100 mM)
Na2HPO4·7H2O
NaH2PO4·H2O
Milli-Q water

15.466 g
5.836 g
bring to 1 L volumetrically

Record final pH (7.00 +/- 0.05) but do not adjust. Store at 4°C.
Na2-EDTA (250 mM)
Na2-EDTA∙2H2O
Milli-Q water

9.306 g
bring to 100 mL after pH adjust
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Add to ~50 mL MilliQ water in a beaker. To dissolve, gradually add ACS grade NaOH pellets to
pH 7.0 +/- 0.1. Record final pH. Dilute volumetrically. Store at 4°C indefinitely.
Bradford Reagent
Coomassie Brilliant Blue G-250
Ethanol (95%)
o-Phosphoric Acid (85%)
Autoclaved Milli-Q water

10 mg
5 mL
10 mL
bring to 100 ml

Dissolve CBB G-250 in ethanol first before adding acid. Filter with Whatman #1 filter paper
immediately before use. Store in brown bottle @ 4°C for no more than 2 weeks.
Stop Buffer
Na2CO3·H2O
Autoclaved DI water

Final Conc.
24.8 g
0.2 M
bring to 1 L volumetrically

Store at room temperature indefinitely. pH should be ~11.
MU Standard
7-hydroxy-4-methylcoumarin
1 N Sodium hydroxide
DI water

0.0176 g
1 mM
150 µL
1.5 mN
bring to 100 mL volumetrically

First dissolve MU in NaOH (diluted to ~20 mL with water) before bringing to 100 mL. To 9960
L of sterile water add 40 L of the 1.0 mM MU standard to create the 4000 nM standard. Store
at 4C protected from light for up to 6 months.
MUG Reagent
4-methylumbelliferyl-β-D-glucuronide
pH 6.5 MUG buffer (100 mM)

*0.0136 g
15 mL

Final Conc.
2 mM
100 mM

Distribute in 0.7 mL aliquots to epitubes and store at -20C for up to 1 year. *Note that the water
content of the MUG stock varies from lot to lot. The above values are accurate only for MUG
with FW = 453.49 g/mol.
pH 6.5 MUG Buffer (100 mM)
Na2HPO4·7H2O
NaH2PO4·H2O
Milli-Q H2O

0.808 g
0.964 g
bring to 100 mL

Note: This buffer is used for the MUG reagent only, not the grinding buffer. Record final pH, but
do not adjust. Store at 4°C.
BSA Standard
Bovine Serum Albumin
DI Water

0.0500 g
bring to 500 mL

0.1 mg/mL

Distribute 0.25 mL aliquots to epitubes and store at -20C for up to 2 years.

Appendix D
Qualitative staining procedure

GUS Histochemical Localization Assay Reagent F
[final]
--

[stock]
--

prep / mL
200 µL

Na2EDTA·2H2O A
Potassium FerricyanideB,D
Potassium FerrocyanideC,D
X-GlucE
Triton X-100

10 mM
0.5 mM
0.5 mM
2.0 mM
0.1%

0.25 M (93.06 g/L)
0.005 M (1.646 g/L)
0.005 M (2.112 g/L)
0.04 M (20.872 g/L)
10% v/v

40 µL
100 µL
100 µL
50 µL
10 µL

pH 7 Phosphate BufferG
NaH2PO4·H2O
Na2HPO4·7H2O

0.1 M

0.2 M
11.672 g/L
30.932 g/L

500 µL

DI water

5.836 g/L
15.47 g/L

(A) Add 9.306 g to ~50 mL MilliQ water in a beaker. To dissolve, gradually add ACS grade
NaOH pellets to pH 7.0 +/- 0.1. Record final pH. Dilute volumetrically to 100 mL. Store
at 4°C indefinitely.
(B) Stock solution should be strongly yellow.
(C) Stock solution should be pale yellow. Upon standing will turn darker yellow.
(D) Store at 4°C for up to 2 months.
(E) Dissolve in DMSO. Store at -20°C for up to 1 year or until turns purple/brown in 100 µL
aliquots in microfuge tubes. Final concentration can be varied from 1 to 5 mM. (MW =
521.8 g/mol)
(F) Based on formulation of Anne-Marie Stomp (NC State)
(G) Record final pH (7.00 +/- 0.05) but do not adjust. Store at 4°C.

Staining Procedure
1) For cell samples add approximately 50 mg fresh weight to 75 µL media or isotonic
solution in a 96-well plate. Once harvest is complete add 150 µL of staining buffer to
each well.
2) After staining is complete the contrast can be enhanced by removing the chlorophyll from
leaf tissue. Exchange staining buffer with 70% ethanol and incubate at room temperature
for 24 hours. Repeat as necessary.

Appendix E
Re-analysis of the GUS standard for the MUG assay
The purpose of quantifying GUS kinetics was to have a basis for converting enzyme activity to
enzyme quantity. A GUS standard from E. coli was previously used to create several dilutions
which were quantified in the MUG assay to obtain the data shown below. The original analysis of
the data estimated a specific activity of 0.0158 nmol MU/min/ng GUS (Collens, 2006).

nmoles MU

Re-analysis of the original raw data per the methods suggested by Gallagher et. al. resulted in a
slightly different average specific activity of 0.0163 nmole MU/min/ng GUS with a standard
deviation of 1.3% (Figure E-1). The reason for the non-zero intercepts in the regression of the
data has not been determined, but cannot be explained by a different than expected enzyme
concentration. Forcing zero intercepts dramatically increased the standard deviation associated
with the specific activities so this was not done. This slope was used to estimate the amount of
GUS present in all samples based on the observed slope of the MU produced with respect to time.
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

y = 0.32335x + 0.06061

10 min

0.0162 nmole/ng/min

15
20

y = 0.24454x + 0.04012
0.0163 nmole/ng/min
y = 0.16576x + 0.01686
0.0166 nmole/ng/min
0

0.5

1

1.5

2

ng GUS

Figure E-1. Correlation of GUS activity to enzyme quanitity
for an E. coli-derived GUS standard.

Appendix F
Fed-batch growth model of plant cell suspensions

ΔT 1=~24 ΔT 2=24

Starvation

Batch Growth

g/L

15

Co-culture

Synchronization

20

10
5
nutrient spike

Agro addition

0
0

50

100

150

200

250

Time (hours)
Sucrose concentration

fresh weight cell density

Figure F-1. DW cell density and sucrose concentration profiles for a typical fed-batch culture in
shake flasks for growth synchronization. Mass balance model predications were based on the
Monod model of growth and a maximum specific growth rate of 0.011 hr-1, KS of 1 g sucrose / L
(Curtis, 1988) and a yield of 0.424 g DW/g sucrose. Initial conditions were 1.7 gDW/L and 7.2 g
sucrose/L.

Appendix G
Summary of previous work to establish plant tissues transgenic for REP
Both N. benthamiana and N. glutinosa cell lines were previously stably transformed to
constitutively or inducibly express the replicase (REP) of Bean yellow dwarf virus (Collens,
2006). These cell lines were first screened for non-REP-amplified transient GUS expression.
High transient GUS expression levels (>0.25% TSP) with the pGPTVK-GI vector were observed
in at least one transformed N. benthamiana cell line, however, maximum baseline transient levels
were twice as high in a REP-transformed N. glutinosa cell line (~0.50 %TSP). Although strongly
cell line dependent, N. glutinosa appeared to be more amenable for transient expression.
Root and cell lines BM-35SREP-F (co-transformed for constitutive expression of REP)
were confirmed by PCR but not by western blot. REP activity was functionally detected in
constitutive root cultures, but at such a low level (<0.002 %TSP) that the perceived enhancement
was questionable. No REP-attributed complementation was detected in constitutive cell lines,
where basal GUS expression levels were two orders of magnitude higher. Jason Collens
speculated that both the cell and root lines may have tested negative for REP on the western blots
due to gene-silencing or escapes that occurred during the approximately 1 year period since the
initial PCR screening. By the time the initial transient experiments and westerns were executed
(6+ months following initiation), REP expression in the constitutive (and probably most of the
inducible cell lines) had been lost even though they had initially been PCR positive. The REP
gene may have been lost because these cell lines were not maintained on selection. The ethanolinducible promoter is not known to be leaky, but the copper-inducible promoter is characterized
by low level basal expression of reporter genes, which could have contributed to the loss of the
transgene. Note also that the copper-inducible promoter was induced at 1 µM, 10X the level of
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copper in the maintenance medium. The western blot gels were negative for REP for most of the
tested tissue. Although several inducible cell lines tested positive for REP in western blots, in all
cases the signal was very weak. This was unexpected since REP was driven by strong 35S
promoter. Consistent with these results, functional assays conducted subsequently failed to show
any enhancement effect from inducible REP in cells.

Appendix I
Agrobacteria preparation procedures
Experime
nt
Date
Start/Fini
sh
Agro /
Plasmid

Vadd 

Date/initial
LB+50Kan
MMA
Vinitial
(mL)

Initial
A600 (1/5x)

Vresuspend
(mL)

A600
(1/5x)

Vadd
(mL)

Final
A600
(1/5x)

Conc.

Date

A600  V2
V 2 V2 V resuspendVsample
A600,t arg et

Experiment
Date
Start Time
Finish Time
Bacteria
OD0
Vsample
(mL)
V0
(mL)
Vresuspend
(mL)
OD1
Vadd
(mL)
Added to flask #

KH2PO4

= 5*A600
= 5N - Vsample
= 0.75*V0*OD0
= 5*A600
= (w.v.)/(100*OD1)

Infiltration Agro Prep
 Grow Agro cultures
overnight (2 mL / construct)
in LB+50Kan @ 25C
 Grow 10ml to OD= ~1
 Combine and measure
A600s
 Spin down in JA-20 for 7
min @ 5000 RPM (3000g),
25C.
 Wash in 5 mL MMA
 Resuspend in
0.64*OD0*(V0-0.2)
 Measure A600 of
resuspensions
 Dilute resuspensions with
MMA to A600 value of 1.2
 Measure A600s for final
check
 Incubate @ 25C for 2hr

Co-culture SOP (12/29/09)
 Combine bacteria in sterile
centrifuge tubes and measure
initial absorbances.
 Spin down in JA-20 for 7
min @ 5000 RPM (3000
RCF), 20C.
 Wash bacteria (
mL) and
resuspend in
 Blank with water and
measure absorbances of
resuspensions.
 Add 300 µL of 17 g/L
KH2PO4 to each flask

Appendix J
Cryopreservation of E. coli and A. tumefaciens
E. coli Procedure: From an individual colony (~24-48h old), use a sterile wooden stick to
inoculate 0.8 mL LB media (with selective pressure) in a 13mm culture tube, then briefly vortex
to suspend bacteria and grow for 6-8 hours @ 37C with vigorous shaking until OD ~ 1 (as
qualitatively estimated by visible cloudiness).
A. tumefaciens Procedure: From an individual colony streak out a new plate and grow for 48 h.
From this smear, use a bacterial loop to inoculate 0.8 mL of LB media with selection pressure in a
13mm culture tube, then briefly vortex to suspend bacteria and grow for 10-12 hours @ 25C with
vigorous shaking until OD ~ 1 (as qualitatively estimated by visible cloudiness).
Cryopreservation
1. Pre-distribute 0.8-mL of sterile cryo-solution into labeled 1.8-mL cryovials.
2. Add entire 0.8 mL volume of each rapidly growing (not saturated) culture to each cryovial
using 5.8 mL disposable transfer pipets.
3. Plunge in liquid nitrogen if available or simply place in -80 freezer. Can be stored @ -20 with
considerably shorter viability
Reviving
Transfer cryovial from -80 freezer to a -20 microfuge tube cooler rack (blue ice with holes in it).
In a containment hood, scrape off a splinter of ice with sterile wooden stick or pipette tip and
streak on ~1/3 of an agar plate with selection pressure (Avoid thawing of the cryo-vials by
keeping no more than two outside the -80 at any given time). After returning cryostocks to the
-80, serial streak (2x) the remaining 2/3 of each plate to ensure individual CFU will be obtained.
Always inoculate subsequent plates/liquid cultures from a single CFU.
Cryo-Solution
MW
Tris-HCl
Tris base (A)
MgSO47H20 (B)
Glycerol

[final]

[stock] g/L

121.1
0.025 M
8.65 g/L
246.5
0.1 M
92.09
65%
Autoclave and store @ room temp

prep / 100 mL
35 mL

/ 25 mL
8.75 mL

2.47 g
65 mL

0.62 g
16.25

Reference: Short protocols in molecular biology, Ausubel et al., 1999 as modified by Noel
Goddard
(A)
(B)

pH to 8.0 using concentrated HCl (bring to final volume after pH)
If use anhydrous MgSO4 (MW=120.0), add 1.20 g / 100 mL prep

Appendix K
Plasmid maps

167

168

169
GUS-INTRON
Not I (1)

GI R (11698)

Sal I (8)

intron
Asc I (11096)

CP prom

Cla I (11089)

Pst I (117)

CP prom

CP
Xho I (704)

SDM site to remov e TGB
8K

Poly A

12K

Nos Term

25K

RB

Bsu 36I (10126)

Inv ersion point

pGR106-GI

Bsu 36I (10020)

6bp deletion

13113 bp

pSa (in rev orientation)

Rep F (9601)

Inv ersion point
New insertion
Pst I (3117)

Inv ersion point
NptI
Replicase

Inv ersion point

Pst I (7016)

LB

Pst I (6986)

Pst I (4998)

35S Prom

170
Not I (1)

GUS-INTRON

CP fragment
PVX 3' UTR

GI R (10020)

intron

Poly A

sgProm

Nos Term

Asc I (9418)

shuttle v ector psk5640

Cla I (9411)

T-DNA RB

CP prom
Bsu 36I (9324)

Pst I (2421)

sgProm

pGR1 0 6 -C P T B-GU S-I N T RO N (c orrec t c odon)

Rep F (8905)

11435 bp

NptI

T-DNA LB
Replicase
Pst I (6320)
Pst I (6290)

Pst I (4302)

35S Prom (-420 to +1)
PVX 5' UTR (4 bp mismatch)

171
pSa
LB
Pvu I (634)
Kpn I (788)
Xho I (799)
Sal I (805)

NptI
Pvu I (2556)

Cla I (815)

pgreenII0000

Hin dIII (820)

3304 bp

pGreen F (806)
Eco RI (832)
Pst I (842)
Sma I (846)
Bam HI (850)
Xba I (862)

pGreen R2 (903)
Sac I (890)

ColE1
RB

172
Pst I (1)
Sma I (5)
Bam HI (9)

enhanced 35S (-420 to -90, -339 to +2)
Xho I (5649)

pGreen R2 (62)

Eco RI (5644)

Xba I (21)
Sac I (49)

TEV 5' UTR (nt 12-143)

RB
ColE1
Intron

pGreen-GI (rev)
6332 bp

Pvu I (1715)

GUS
Bam HI (3506)

NptI

Xba I (3500)

3'utr
PolyA
pGreen F (3269)
Pst I (3305)

pSa

Eco RI (3295)
Hin dIII (3283)
Cla I (3278)
Sal I (3268)
Xho I (3262)
Kpn I (3251)

LB
Pvu I (3097)

173
Hin dIII (2)
Sph I (12)

T-DNA LB

Pst I (18)

KanR

35S promoter
TRV 5' UTR
CP
TRVCP F (1858)
Pvu II (1886)

5' frag of 28.7K product
bp change
SL structure

PEBV CP sgProm

pTRV2-GUS
Cla I (8642)

PEBVsgPR F (2599)

sg RNA start
2bp deletion

11853 bp

Nco I (2650)

GI R2 (2678)

Intron
GUS
Xho I (4655)
Sma I (4664)

TRV3UTR R (4707)

Rz RNA2 3' sequence
Pvu I (5178)

NOS
T-DNA RB
Sph I (5559)

174
T-DNA LB
Pvu I (614)

pGP LB F (584)

Ag7 3'
Bam HI (1032)

NPTII
Pst I (1676)

trfA

Sac II (2062)

pBYR R (3397)

TEV 5' UTR (nt 12-143)

P NOS
Hin dIII (2491)

pPS1

Pst I (2507)

12599 bp

NPTIII

insert

enhanced 35S (-420 to -90, -339 to +2)

pGP RB R (3934)

insert
pGP RB R2 (4184)

Pst I (8466)

Xho I (3183)
Xba I (3327)
Bam HI (3333)

RK2 oriV
Sac II (6650)

pBYR F (3126)

v spB 3'

Sma I (3340)
Kpn I (3346)
Sac I (3352)
Sac II (3926)

T-DNA RB

LB
OriV

NPT II
TrfA
NOS promoter

35S terminator

pEAQHT19

P19

10003 bp

Cla I (3188)
Bam HI (3199)

NPTII

35S promoter
Nos Terminator
CPMV RNA-2 3'UTR
ColE1

pEAQ R

Apa LI (5725)

Stu I (4194)

RB

Xho I (4196)

HISx6
Xma I (4223)
Sma I (4225)

HISx6
Age I (4250)
Nru I (4257)

CPMV RNA-2 5'UTR
pEAQ F
CaMV 35S promoter

Appendix L
TRV RNA2 sequence discrepancies

The following suggestions relate to GenBank accession Z36974:
1. The CDS product labeled as "28.7K" should read "40K" as described in Valentine, et. al, 2004,
(PMID: 15591447).
2. The following suggested changes to the PpK20 nucleotide reference sequence (Z36974) are
based on sequencing information provided by Stuart MacFarlane (personal communication) who
derived the vector pK2037KGFP (containing the K20 2b gene) from the TRV RNA 2
PpK20 isolate (Vellios, et al, 2002 PMID: 12202212). Where applicable, I also noted
discrepancies present in the PpK20-derived TRVRNA 2 sequence of Savithramma Dinesh-Kumar
(AF406991). I have personally confirmed this sequence information in a vector that was derived
from SDK's pTRV2 modified to contain the 2b gene provided by MacFarlane.
Insertions and deletions are denoted with '+/-' whereas base changes are indicated with '-->' and
the initials in brackets indicate who's sequences are consistent with these base changes. Note
that MacFarlane only made a single infectious clone of RNA2, which was sequenced and
used for all subsequent constructs and thus would not capture any variation present within a virus
population derived from the K20 isolate. Thus, the most critical sequence changes to consider are
those pertaining to the 2b CDS.
5'UTR
287 +GA
336 +C
347 -A
379 +GC
CP
650

[SDK/SM]
[SDK]
[SDK]
[SDK]

T --> C (Leu --> Leu) [SDK/SM]

2b
1626 C --> T (Ser --> Phe) [SM]
1781 G --> A (Gly --> Ser) [SM]
1884 G --> A (Gly --> Asp) [SM]
3'UTR
3490 +G
[SDK]
3509 C --> T [SDK/SM]
3660 A --> G [SDK]
3662 G --> C [SDK]
3664 +GAC [SDK]
3756 +G
[SDK]
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