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To use plants for therapeutic monoclonal antibody (mAb) production, their Nglycosylation pathway must be humanized by precluding the attachment of the humanimmunogenic sugars α1,3-fucose and β1,2-xylose, followed by the attachment of β1,4galactose. A Nicotiana benthamiana line with humanized N-glycosylation was generated
by transforming an α1,3-fucosylation and β1,2-xylosylation knockdown line (ΔFX) with
the coding sequence (CDS) of a chimeric human β1,4-galactosyltransferase (hGalT)
enzyme. The mAb trastuzumab, produced in this line, was galactosylated indicating this
line to be suitable for therapeutic mAb production. Two new α1,3-fucosylation and β1,2xylosylation deficient lines were also created. The first line, generated using RNA
interference targeting the α1,3-fucosyltransferase and β1,2-xylosyltransferase genes,
showed 55% knockdown of α1,3-fucosylation and β1,2-xylosation. The second line,
achieved by transforming the chimeric hGalT CDS into wildtype N. benthamiana,
showed knockdown of α1,3-fucosylation and β1,2-xylosylation comparable to the ΔFX
line. These two knockdown lines can be used for producing non-galactosylated protein
pharmaceuticals.
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Introduction
Plants have been proposed to be a safe and economical platform for the largescale production of recombinant protein pharmaceuticals such as therapeutic
monoclonal antibodies (mAb). Proper asparagine-linked glycosylation (N-glycosylation)
is crucial to the function and efficacy of therapeutic mAb, and the inability of plants to
perform human N-glycosylation currently precludes their use for therapeutic mAb
production. Plant N-glycans are characterized by the presence of α1,3-fucose, attached
by α1,3-fucosyltransferase (FucT), and β1,2-xylose, attached by β1,2-xylosyltransferase
(XylT), two sugars that are not naturally found on human glycoproteins. Consequently,
administering mAb glycosylated with these sugars may elicit adverse immune reactions
in patients. Furthermore, plant N-glycans lack β1,4-galactose, attached by human β1,4galactosyltransferase (hGalT), which is a characteristic of human mAb glycosylation and
is essential in maintaining their therapeutic functions. Thus, to exploit plants for mAb
production, native plant N-glycosylation must be humanized by first eliminating both
fucosylation and xylosylation, and subsequently introducing galactosylation. It was
hypothesized that the humanization of the native plant N-glycosylation pathway by the
expression of hGalT, and elimination α1,3-fucosylation and β1,2-xylosyltion could
generate a plant host that would be capable of producing mAb that are galactosylated
and simultaneously lack α1,3-fucose and β1,2-xylose. To test this hypothesis, two
objectives were established: first, expression of hGalT in a fucosylation and xylosylation
knockdown mutant line (ΔFX) of Nicotiana benthamiana, and second, generation of a
novel N. benthamiana line with suppressed α1,3-fucosylation and β1,2-xylosylation. The
1

second objective was achieved using two strategies: direct suppression of α1,3fucosylation and β1,2-xylosyltion using RNA interference (RNAi) targeting the coding
sequence of XylT and FucT, and the indirect suppression of α1,3-fucosylation and
β1,2-xylosyltion by the expression of hGalT. Stable transgenic ΔFX N. benthamiana
plants expressing hGalT were generated, analyzed for galactosylation, and made
homozygous for the hGalT vector by self-pollination. Additional stable transgenic plants
transformed with the RNAi vector targeting the coding sequence of XylT and FucT, and
wildtype N. benthamiana transformed with the hGalT coding sequence were generated
and analyzed for the absence of α1,3-fucosylation and β1,2-xylosyltion.

2

1 Chapter 1: Literature review
1.1 Proteins and biopharmaceuticals
Proteins are the physical manifestations of genes, arising from the transcription
and translation of genetic material, as defined by the classical central dogma of
molecular biology. The diversity of their structural complexity in combination with their
specific functionality allows proteins to be employed as therapeutic agents that belong
to a group of pharmaceuticals termed biopharmaceuticals: therapeutic agents
originating from biological sources that are produced using ce ll cultures or whole
organisms (Rader, 2008). The repertoire of proteins that are produced and used as
biopharmaceuticals is vast, ranging from hormones like insulin, to cytokines which are
used for cellular signalling, to monoclonal antibodies which are used to treat a plethora
of autoimmune and terminal diseases.
1.1.1 Market value and trends
The protein biopharmaceuticals market is economically important. The cumulative
sales of biopharmaceuticals in 2013 totaled $140 billion, of which $63 billion were
accounted for by monoclonal antibody (mAb) sales (Walsh, 2014). Monoclonal
antibodies are the single most profitable entity in the biopharmaceuticals market,
perhaps due to their prevalent prescription and use (Reichert et al., 2005). In addition to
their therapeutic applications, mAb are also habitually employed as diagnostic tools in
research settings to detect a broad range of antigens ranging from small carbohydrate
molecules to large cell-surface receptors (Kurosaka et al., 1991; Hudis, 2007).
3

1.2 Therapeutic monoclonal antibodies
Antibodies are tetrameric proteins composed of two 50 kDa heavy chain peptides
and two 25 kDa light chain peptides, held together by disulfide bonds in a Y
configuration (Figure 2.1) (Elgert, 1998; Woof and Burton, 2004). The two arms of the
antibody form the fragment antigen-binding (Fab) while the stem forms the fragment
crystallizable (Fc); both fragments are linked with a hinge region (Woof and Burton,
2004). Of the five classes of antibodies as distinguished by the constant region domains
of their heavy chains, the monoclonal antibody (mAb), interchangeably known as
immunoglobulin G, is the single most prevalent class employed in therapeutic
regiments (Weiner et al., 2010). Monoclonal antibodies are valuable therapeutic agents
as they are monospecific; these antibodies recognize and have specific affinity for only
one epitope of a given antigen. Antigens are bound to the complementarity determining
regions which are comprised of the variable domains of both the heavy and light chains
at each Fab arm (Hansel et al., 2010).
Monoclonal antibodies were originally produced using hybridoma technology
pioneered by Kohler and Milstein, in which antibody-secreting B cells from the spleen of
mice immunized with the antigen of interest were fused to myeloma cells to produce
immortal hybridoma cell lines that continually secreted antibodies with affinity for the
antigen of interest (Kohler and Milstein, 1975; Hansel et al., 2010). Monoclonal
antibodies needed to be humanized as the original mouse mAb were incompatibile with
the human immune system and thus could not be used as therapeutic agents in
humans. To further reduce immunogenicity, fully humanized mouse mAb were created
4

by transplanting the mouse complementarity determining domains onto human mAb,
resulting in humanized antibodies that were both specific to the antigen of interest and
fit for clinical use (Figure 2.2). (Riechmann et al., 1988; Hansel et al., 2010).
Trastuzumab, a humanized mAb regularly prescribed to treat certain forms of breast
cancer, amongst other cancers, serves as a paragon to the clinical efficacy of
humanized mAb in cancer therapy.

Figure 1.1. Schematic representation of a human monoclonal antibody (IgG). The F ab (Fragment antigen
binding and Fc (Fragment crystallizable) regions are delineated with brackets. V represents the variable
regions: Vγ is the variable region of the heavy chain, and V κ is the variable region of the light chain. Constant
regions are denoted by C: Cγ is a constant region of the heavy chain, and C κ is a constant region of the light
chain. Complementarity determining regions are represented as purple stripes across the variable regions
of the light and heavy chains. Y represents the N-glycosylation site at approximately Asn297 . Yellow lines
indicate disulfide bonds and the dotted black lines show the hinge region. Modified from Weiner et al. (2010).
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Figure 1.2. Humanization of monoclonal antibodies (m Ab). (A) represents a fully mouse mAb. (B) Chimeric
antibodies were the first attempts at humanizing mouse mAb and were created by fusing the variable regions
of mouse mAb to the constant regions of human mAb. To further decrease immunogenicity, fully humanized
antibodies (C) were created by transpla nting the complementarity-determining regions of the mouse mAb
(depicted as blue stripes) onto human mAb. A fully human mAb is represented in (D).

1.3 Trastuzumab
Trastuzumab, produced by Roche/Genetech under the trade name Herceptin® is
one of the top selling biopharmaceuticals, worth $6.91 billion in sales in 2013 (Walsh,
2014). This humanized mAb is primarily prescribed to treat HER2-positive breast cancer
6

patients where the Human Epidermal Growth Factor Receptor type 2 (HER2) is
overexpressed in the cancer cells (Hudis, 2007). HER2 is a transmembrane receptor
protein that once activated by a ligand binding and subsequent homodimeriza tion or
heterodimerization with other HER receptors (four in all; HER- 1, 2, 3, and 4), triggers
excessive proliferation and survival of cancer cells.
1.3.1 Function/mode of action
Trastuzumab binds to the extracellular domain of HER2 and inhibits the
receptor‟s activity in four possible ways, though a single mechanism that contributes to
its efficacy has not been determined: first, trastuzumab can stabilize the receptor and
prevent it from cleavage and activation; second, trastuzumab can interfere with the
receptors‟ ability to dimerize and subsequently activate; third, trastuzumab causes the
destruction of tumor cells by facilitating antibody-dependant cell-mediated cytotoxicity;
and fourth, trastuzumab may promote the destruction of HER2 via phagocytosis (Hudis,
2007; Garnock-Jones et al., 2010).
When trastuzumab is used as an adjuvant treatment, it is administered through
intravenous infusion with an initial loading dose of 8 mg/kg body weight followed by 6
mg/kg maintenance doses at three week intervals up to a maximum of 12 months or
until the risk of side effects is too substantial, for early breast cancer treatment. For
metastatic breast cancer it is used at low doses with initial loading at 4 mg/kg and
maintenance loads at 2 mg/kg using the same dosing schedule as for early breast
cancer (Hoffman-La Roche Ltd., 2014). When used as a palliative treatment,
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trastuzumab is administered as in early breast cancer; however, the duration is limited
to a maximum of 7.2 months (Drucker et al., 2008).
The current patient cost of trastuzumab, as determined from wholesale pricing in
2005 and calculated using the Consumer Price Index amounted to $57,756 for adjuvant
treatment, and $32,803 for palliative treatment (Drucker et al., 2008; Bank of Canada,
2015). Trastuzumab is covered under Ontario‟s New Drug Funding Program allowing
eligible patients to be reimbursed for treatment expenses (Ontario Ministry of Health
and Long-Term Care, 2011); however, the substantial financial toll on the provincial
healthcare system cannot be disregarded. Without governmental assistance, the price
of life-saving trastuzumab would render it outside the reach of most patients.
The significant prescription cost of trastuzumab and other therapeutic mAb is
primarily due to intellectual property licensing fees and manufacturing costs, both of
which are passed onto the patient. Whereas it is not possible to circumvent royalties
and associated administrative costs, it is possible to circumvent the currently costly
mammalian cell culture production system with a low cost plant production system.

1.4 Conventional mAb production using CHO cell culture
Mammalian cell cultures are costly to maintain and their operating costs are
translated to the patient. Therapeutic mAb, like trastuzumab, are primarily produced
using Chinese hamster ovary (CHO) cell cultures; CHO cells are transfected with the
coding sequence of the desired mAb and are grown to multi-thousand litre cultures
using highly engineered, environmentally controlled culture vessels (Butler and
Meneses-Acosta, 2012; Bosch et al., 2013; Hoffman-La Roche Ltd., 2014). Once the
8

culture is at the proper density, the mAb is harvested, purified, and characterized. A
plethora of cell lines exist in the public domain and as proprietary lines developed by
industry.
1.4.1 Advantages: established, well characterized
Perhaps the greatest advantage of using CHO cell cultures is the wide array of
mAb that can be produced and the ease with which the cells can be transfected.
Following decades of use for recombinant protein expression, CHO cell lines have been
scrupulously characterized and have been acknowledged by both researchers and
regulatory agencies alike, as a viable production platform for mAb production (Butler
and Meneses-Acosta, 2012). Furthermore, the near-human post-translational
modification pathways in CHO cells make them suitable for prod ucing therapeutic mAb
for human use.
1.4.2 Disadvantages: cost, contamination, scalability
Despite their relative ease of use and extensive characterization, the use of CHO
cells for producing mAb is not without its shortcomings: CHO cell cultures are costly to
maintain, cannot be readily scaled to meet sudden increased product demands, and
can easily be contaminated by zoonotic pathogens and foreign cells (Conley et al.,
2011). First, CHO cell cultures are grown in specially formulated media and require the
use of costly and highly sophisticated culture vessels. The fast rate of cell growth
requires frequent subculture and maintenance from dedicated technical staff. Second,
unexpected spikes in demand for a particular mAb cannot be met as productivity is
limited by the availability of culture machinery; a theoretical maximum antibody yield is
9

established once the culture system is established unless the yield can be increased by
genetic improvement. Third, the products produced from CHO cells may be infected
with cryptic zoonoses such as the lymphocytic choriomeningitis virus and subseq uently
may pose a risk of transfer to patients. Finally, the risk of contamination with other cells
may hinder the acceptance and use of CHO cell produced mAb in societies where strict
dietary cultures are observed. Insect cells are commonly used to produce recombinant
proteins for research settings. Concerns of the potential cross contamination of insect
cells in CHO cell cultures may limit the use of CHO cell-produced mAb in patient
populations where entomophagy is culturally unacceptable. CHO cell systems would
thereby limit the accessibility of these mAb to these patients.

1.5 Plants as bioreactor for mAb production
Plants have been zealously proposed as an alternative platform for the production
of mAb and other recombinant therapeutic proteins not only by industry, but also by
government researchers. This is best exemplified by the research on plant-based
biopharmaceuticals production that is conducted under the auspices of grant funding
from the United States Defense Advanced Research Projects Agency‟s Blue Angel
project totalling an excess of $100 million as of 2013 (Sheldon, 2012; Bosch et al.,
2013). Furthermore, the approval of Elelyso, a recombinant form of the enzyme
taliglucerase alpha used to treat Gaucher‟s Disease produced by Protalix and Pfizer
using carrot cells, by the United States Food and Drug Administration (USFDA) in 2012
substantiated the ability to produce clinically effective biopharmaceuticals in a plant based platform (Maxmen, 2012). Finally, the recent FDA approval of the use of Zmapp,
10

a mAb cocktail produced in N. benthamiana for treatment of Ebola patients (Qiu et al.,
2014), on a provisional emergency basis without clinical trials, further corroborates the
viability of using plant-based systems for producing functional mAb (McCarthy, 2014).

1.6 Nicotiana benthamiana as model plant expression system
Nicotiana benthamiana Domin is the model species used in plant pathology and
other aspects of plant biology due to its amenability to genetic transformation, ease of
use for transiently expressing recombinant proteins, and susceptibility to infection by
various plant pathogenic microorganisms (Goodin et al., 2008; Bombarely et al., 2012).
From the first reference of N. benthamiana in 1985 to 2014, this plant has been
referenced in excess of 2300 publication in the PubMed database and well over 17000
publications in Google Scholar, demonstrating the increasing popularity and use of this
model plant (Figure 2.3).
1.6.1 History and botany
Nicotiana benthamiana (Solanaceae), an annual herbaceous species from the
seasonally arid regions of northern Australia, is closely related to Nicotiana tabacum,
the smoking tobacco. The holotype specimen currently held at the Kew herbarium
(specimen K000196107) was collected in the early nineteenth century by Benjamin
Bynoe, described as Nicotiana suaveolens var. cordifolia by George Bentham, and
subsequently reclassified by Karel Domin as Nicotiana benthamiana (Goodin et al.,
2008).

11

1.3. Prevalence of references about Nicotiana benthamiana found in literature. (A) The number of N.
benthamiana results returned from searching “Nicotiana benthamiana” on the PubMed database increased
yearly from zero publications in 1985 to approximately 2500 results in 2013, indicating the growing use of
this model plant species in biomedical research, presumably for the production of recombinant proteins. (B)
When a search for “Nicotiana benthamiana” was conducted using Google Scholar, the number of results
that were returned, increased yearly to more than 17000 publications in 2014.

12

Morphological differences exist between various botanical descriptions and
herbarium specimens (Burbridge, 1960). Based on observations of Nicotiana
benthamiana plants grown under greenhouse and growth chamber conditions, its
leaves and stems are moderately pubescent with glandular trichomes; the lower leaves
are petiolate while upper leaves of the flowering shoot are sessile. Solitary white flowers
develop from the axils of each sessile leaf, which look akin to leafy bracts, often at the
tenth or eleventh leaf stage of plant development. Flowers are white, scentless, with
exaggerated corolla tubes that unfurl at night. Flowers have five stamens, four of which
are held above the stigma and one below. Despite these floral morphological traits
which suggest a preference for outcrossing, N. benthamiana is self compatible, and is
amenable to both self and cross pollination (Busot et al., 2008).
Unlike Arabidopsis thaliana, an established model species in plant biology
research, where several well defined ecotypes have been characterized, there are no
defined ecotypes of Nicotiana benthamiana. Whereas specialized organizations, such
as the Arabidopsis Biological Resource Centre, dedicated solely for the maintenance
and distribution of Arabidopsis thaliana gerplasm exists, no such dedicated resources
exist for N. benthamiana. As the experimental use of N. benthamiana is becoming
increasing prevalent, it is crucial that well characterized germplasm is maintained and
available for distribution. The United States Department of Agriculture, Agricultural
Research Services, Germplasm Resources Information Network (USDA ARS-GRIN) is
one of the few public sources of N. benthamiana germplasm and currently lists two
accessions, PI555478 and PI555684, both of which are maintained as part of the US
13

Nicotiana Germplasm Collection at the North Carolina State University. Of the two
USDA ARS-GRIN accessions, only PI555684 has floral morphology such as larger
white flowers, similar to that of the holotype, (Goodin et al., 2008). Furthermore, all N.
benthamiana accessions voluntarily submitted by 236 plant virologists, and those that
are currently being used at the University of Guelph, exhibit a small flowering phenotype
analogous to PI555478, but disparate from the holotype. Finally, the maintenance of
diverse N. benthamiana germplasm will allow for the improvement of this species
through breeding to be best adapted for laboratory use.
Although N. benthamiana is susceptible to many plant pathogens, these
pathogens are not zoonotic; they cannot be passed onto humans. This non-existent risk
of zoonotic contamination is one of many reasons why N. benthamiana has an
advantage over mammalian cell cultures for producing biopharmaceuticals (Cox et al.,
2006; Villani et al., 2009).
1.6.2 Advantages: zoonotic contamination, scalability, cost of maintenance
An additional benefit of using plant systems to produce mAb is the ease with which
production can be scaled. Unlike mammalian cell culture systems with scalability limited
by a requirement for specialized fermentation tanks, plant growth systems can be
established in any indoor location under artificial lighting. Furthermore, adopting a plantbased system is advantageous due to its relative cost effectiveness compared to a
mammalian cell culture-based system. The cost of consumables for plant production are
significantly less costly than those needed for cell cultures, and the technical assistance
required for maintaining plants is significantly less than that required for cell cultures.
14

1.7 Expression systems using plants
Monoclonal antibody production in plants can be achieved either by stable
expression or transient expression. Both expression strategies make use of
Agrobacterium tumefaciens, a soil bacterium capable of causing crown gall and
transferring genetic material to the nuclear genome of the plant hosts which it infects
(Smith and Townsend, 1907; Gelvin, 2003).
1.7.1 Stable expression via Agrobacterium-mediated transformation
Stable expression of mAb in plants is achieved via Agrobacterium-mediated
transformation, where Agrobacterium tumefaciens is used to insert the coding sequence
of the desired mAb into the nuclear genome of the plant. Nicotiana tabacum L.,
smoking tobacco, is commonly used for stable mAb expression due to its large
biomass, which can be in excess of twenty times that of N. benthmiana (Conley et al.,
2011).
Agrobacterium tumefaciens is naturally capable of transferring select genetic
material, termed transfer-DNA (T-DNA), into plants by means of a Tumour-inducing (Ti)
plasmid; a 200-800 kbp plasmid which contains an origin of replication, a T-DNA region,
virulence genes, and opine synthesis genes (Gelvin, 2003). The T-DNA region consists
of the T-DNA and oncogenes responsible for gall formation flanked by two 25 bp
sequences aptly named the right and left border sequence respectively (Gelvin, 2003;
Lee and Gelvin, 2008). Virulence genes facilitate the transfer of T-DNA into the nucleus
of plant cells and subsequent integration into the plant host‟s nuclear genome (Lee and
Gelvin, 2008). Two difficulties arise with the use of A. tumefaciens for transformation: i)
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in order for a gene to be prepared for transformation, the coding sequence must be
cloned into the T-DNA plasmid of the bacterium using complicated micobiological
methods due to the low copy number of the T-DNA plasmid, and ii) the presence of
oncogenes would hinder the growth and morphology of the transformed plant (Gelvin,
2003; Lee and Gelvin, 2008).
The binary vector system was developed in response to the aforementioned
difficulties, i.e., the virulence genes and the T-DNA are separated in two plasmids, the
Ti-plasmid and helper plasmid respectively, allowing for easy insertion, cloning and
manipulation of the T-DNA in Escherichia coli, a model bacterium adapted and
commonly used in molecular biology. The Ti-plasmid is disarmed by the removal of the
oncogenes to prevent the formatio n of galls in transformed plants (Figure 2.4) (Gelvin,
2003; Lee and Gelvin, 2008).
To transform plants using A. tumefaciens, a T-DNA cassette is build that contains
the gene of interest under the control of a promoter and a signal peptide to direct the
gene product to a specified location, along with a phenotypic selectable marker, often
one that confers antibiotic resistance or herbicide resistance, enabling the identification
of successfully transformed plants. The presence of the selectable marker is linked to
the gene of interest given the proximity of the two sequences. Common selectable
markers include neomycin phosphotransferase II (NptII) which confers resistance to
aminoglycoside antibiotics such as kanamycin (Yenofsky et al., 1990), and
phosphinothricin acetyltransferase (Pat) which confers resistance to phospinothricin, a
compound used as an herbicide (De Block et al., 1987). This T-DNA cassette is cloned
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Figure 1.4. Schematic representations of a disarmed Ti vector and the binary vector system in Agrobacterium
tumefaciens. (A) A disarmed Ti-plasmid which lacks oncogenes. (B) The binary vector system separates the
Vir genes of a disarmed Ti-plasmid into a separate plasmid. The Ti-plasmid has an additional Escherichia coli
Ori site to facilitate cloning of the gene of interest into the T-DNA using E. coli. LB: T-DNA left border, RB: TDNA right border, Ori: origin of replication, Vir: virulence genes. Unlabeled grey circle represents the
bacterial chromosome. Modified from Lee and Ge lvin (2008).

into the Ti-plasmid using E. coli and is subsequently transformed into A. tumefaciens via
electroporation.
17

The stable tobacco transformation protocol is relatively simple: leaf discs, termed
explants, are co-cultivated with A. tumefaciens transformed with the gene of interest for
three days, after which the explants are plated onto regeneration media containing p lant
growth regulators that allow for the regeneration of shoots from the explants, the
selection agent to select for positive transformants, and an antibiotic such as Timentin,
a mix of ticarcillin disodium and potassium clavulanate, to clean the culture of residual
A. tumefaciens from co-cultivation (Cheng et al., 1998). From co-cultivation to the
production of a transformed plant requires a minimum four-month time investment.
Once the gene has been stably transformed into the plant, given its nuclear na ture, it
may be passed onto progeny, thus allowing hybrids to be generated using transgenic
parent plants, although the patterns of transgene inheritance do not always conform to
classical Mendelian segregation ratios (Yin et al., 2004).
The T-DNA cassette used for expressing mAb often contains the separate coding
sequences both of the heavy and light chain, each with an apoplastic signal peptide
under the control of its own promoter (Komarova et al., 2011). Once the heavy and light
chains are expressed, structurally complete mAb agglomerate spontaneously in the
apoplast (Vaquero et al., 1999). Plant tissue can then be harvested and the mAb can be
extracted and purified.
1.7.1.1 Advantages and limitations
Whereas mammalian cell cultures need to be continually replaced with fresh
media, and new cultures have to be frequently initiated to ensure continued mAb
production, the introgression of the mAb coding sequence into the plant genome of
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transgenic plants allows for indefinite recurrent harvesting cycles of mAb as the
recombinant mAb will be continually produced in new foliar growth, which is perhaps the
greatest advantage to using stable transgenic plants for mAb production. Subsequently,
conventional plant breeding and selection methodologies may be applied to increase
biomass and protein yield. Increased transgene expression, presumably a result of
heterotic vigour, has been reported in progeny arising from conventional crossings with
transgenic parental lines; therefore, conventional breeding efforts may afford the
opportunity to improve the mAb-yielding capabilities of stable transgenic lines beyond
the ability of vector engineering (Dong et al., 2007; Chun et al., 2011; Conley et al.,
2011; Zhonghua Wang, 2012; Guo et al., 2014).
1.7.2 Transient expression via Agroinfiltration
An alternative to the resource intensive process of generating stable mAbproducing transgenic plant lines is the use of agroinfiltration to transiently express the
desired mAb, a well established protocol ubiquitously used in cell biology and plant
pathology (Goodin et al., 2008). The use of agroinfiltration has increased significantly in
the last decade and a half as evidence by the number of results returned from Google
Scholar when “agroinfiltration” was searched (Figure 2.5). This technique was reported
in only 4 publications in 1985, and by 2014, the use of agroinfiltration had grown
substantially and to approximately 50000 publications. The increasing adoption of
agroinfiltration by the scientific community affirms the ease of use and reliability of this
protocol. Briefly, agroinfiltration involves the infiltration of a culture of Agrobacterium
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1.5. The number of results returned when “agroinfiltration” was searched on Google Scholar. In a span of
less than two decades, the prevalence of agroinfiltration has increased near ly 1000 fold from 1985 to 2014,
demonstrating the increasing adoption and ubiquity of this technique.

carrying the binary plasmid encoding the desired mAb into the intercellular space of N.
benthamiana or N. tabacum through the abaxial side of its leaves using a needlelesssyringe (Garabagi et al., 2012b). The viral gene-silencing suppressor P19 is sometime
used to ensure sufficient expression of the gene of interest, although this suppressor
cannot be used in stable transformation as it hinders regeneration (Garabagi et al.,
2012a) (pers. comm., A. Ziauddin, 2014, University of Guelph). Commercial scale
infiltration makes use of vacuum chambers in place of syringes; plants are inverted into
a vacuum chamber containing the bacterial culture, a vacuum force is applied, and the
bacterial culture is infiltrated into the leaf tissue as the vacuum is released. Infiltrated
plants are grown for two to ten days after infiltration for the recombinant protein to be
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expressed, at which point the infiltrated tissue is harvested, and the plants discarded. In
the case of mAb, production of the molecule usually peaks seven days after infiltration.
The one week time span from infiltration to protein harvest is much shorter than the
many months required to generate stable transgenic plants (Sparkes et al., 2006).
1.7.2.1 Advantages and disadvantages
Apart from the reduced time and resource investment required for mAb
production via agroinfiltration compared to generating stable transgenic lines, transient
agroinfiltration is also advantageous in its flexibility. Specifically, the mAb scheduled for
production can be changed up to the point when the Agrobacterium culture is
inoculated, two days prior to infiltration. In this way, production may be scaled up or
down provided a stock of infiltration-ready plants is maintained. This is in contrast to the
use of stable mAb-expressing plants where the stable plant lines must be propagated
and established over a multi-week period, and harvests are delayed until the plant
regrows.
Transient expression using N. benthamiana is more advantageous for mAb and
biopharmaceuticals production compared to generating stable lines as significantly
larger quantities of proteins, upwards of 1000 fold, can be produced using the transient
system, as is the case with the recombinant cytokine human Interleukin 6 (Nausch et
al., 2012). Despite the striking disparity in biomass between N. tabacum and N.
benthamiana, the overall inferior recombinant protein expression in stable N. tabacum
lines generally results in smaller quantities of harvestable recombinant protein than the
high-expression and low-biomass N. benthamiana transient system; the amount of
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recombinant mAb transiently produced in N. tabacum „I64‟ however, superseded that
which was transiently produced in N. benthamiana as well as N. sylvestris, N. rustica,
and 49 other cultivars of N. tabacum (Conley et al., 2011; Nausch et al., 2012).
Notwithstanding the unequivocal advantages for using plants to produce mAb,
differences between plant and mammalian glycosylation limit our ability to exploit plants
for therapeutic mAb production.

1.8 Glycosylation: general introduction
Glycosylation is a form of post-translational modification where glycans, branched
complexes of various sugar moieties, are covalently bonded to proteins as they mature
in the Golgi apparatus (Bosch et al., 2013). Although the sugar composition of the core
glycan structure is conserved across eukaryotes, the additional sugars that are attached
to the core are kingdom specific.
Briefly, glycosylation begins with the translation of the mAb in the endoplasmic
reticum (ER) lumen and the simultaneous assembly of the glycan precursor structure
onto a dolichol-phosphate molecule on the cytosolic face of the ER by the attachment of
individuals sugars in a manner similar to an assembly line (Stanley et al., 2009). Once
assembled, the glycan precursor is flipped across the membrane into the lumen,
attached to the glycosylation site of the nascent peptide being translated, and trimmed
to the conserved core sequence GlcNAc 2Man3GlcNAc2. This core sequence is
composed of two N-acetylglucosamine (GlcNAc) residues and a mannose (Man)
residue from which two arms branch, i.e., each arm consists of a Man and GlcNAc
(Figure 1.6) (Stanley et al., 2009). The newly formed glycopeptide is subsequently
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shuttled to the Golgi apparatus where the glycan will mature by the addition of kingdomspecific sugars to this core structure, after which the completed glycoprotein will be
secreted (Stanley et al., 2009).
Two types of glycosylation exist and are differentiated by the amino acid residue
on which the glycan is attached: O-glycosylation where glycans are attached to serine,
threonine, hydroxylysine, or hydroxyproline , and N-glycosylation where glycans are
attached to asparagine (Gomord et al., 2010). The site of N-glycosylation is
characterized by the amino acid sequence asparagine-X-serine/threonine, where X may
be any amino acid except proline (Stanley et al., 2009). Typically, N-glycosylation of
mAb occurs at Asn297, however, the exact position of the asparagines residue can vary
dependent on the complementarity determining regions; such is the case with
trastuzumab where the N-glycosylation site is located at Asn301 (pers. comm., M.D.
McLean, 2015). Improper N-glycosylation results in severe biological consequences,
although plants appear to be more acquiesced with eccentric N-glycosylation than
humans. N-glycosylation mutants of Arabidopsis thaliana show no abnormal phenotype,
contrary to humans, where improper N-glycosylation has been correlated to the
pathogenesis of various acquired and immunological diseases (Strasser et al., 2004;
Varki and Freeze, 2009; Nagels et al., 2012; Xue et al., 2013).
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Figure 1.6. Schematic representations of native plant N-glycans and their humanized glycoforms. The black
core composed of N-acetylglucosamine and mannose is conserved across all eukaryotes. (A) A typical
native plant N-glycan with core fucose and core xylose. (B) A partially humanized N-glycan from the Δ FX
mutant line where xylos ylation and fucos ylation are knocked down (Strasser et al. 2008). Note the absence of
core fucose and core xylose as indicated by the dotted outline. (C) A target N-glycosylation profile for plantproduced therapeutic monoclonal antibodies. Note the presence of galactose at the terminus of each glycan
arm and the absence of core fucose and core xylose. Modified from Bosch et al. (2013).

With regard to therapeutic mAb, proper N-glycosylation is of particular concern as it is
required to maintain the pharmaceutical properties of the therapeutic mAb; improper N glycosylation results in diminished therapeutic efficacy and non-human N-glycosylation
may lead to immunogenicity in the patient.
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1.9 N-glycosylation of mAb
All mAb have a single conserved N-glycosylation site in the heavy chain of the
constant region at the asparagine-297 residue. N-glycosylation affects various
pharmaceutical properties of therapeutic mAb: structural stability and therapeutic
efficacy, as well as its circulation time and subcellular localization (Wright and Morrison,
1997; Krapp et al., 2003; Arnold et al., 2007). The structural stability of mAb refers to
the resilience of its quaternary structure. The therapeutic efficacy of mAb relies on the
ability of its Fc region to bind to the patient‟s Fc gamma receptors, an interaction that is
dependent on the quaternary structure of the mAb, particularly the Fc region. Proper N glycosylation reinforces the quaternary conformity of mAb and thus affects their
therapeutic efficacy (Forthal et al., 2010). Carbohydrate entities in the N-glycan also
serve to assist in the binding of immune cells to tumours thereby facilitating the control
of tumour growth (Ferrara et al., 2011).
Improper glycosylation, such as the attachment of truncated N-glycans, causes
mAb to lose their quaternary open Y shaped structure and consequently their ability to
bind to the host‟s Fcγ receptor is abrogated, ultimately leading to reduced efficacy of the
mAb (Krapp et al., 2003). Likewise, improper glycosylation with N-glycans carrying
excessive sugar moieties adversely affects the ability of the mAb to bind and
consequently infers reduced efficacy; such is the case with the fucosylated 2G12 mAb
against HIV-1, which showed significantly lower binding affinity to the Fcγ IIIA receptor
compared to its non-fucosylated form (Forthal et al., 2010). On the other hand,
rituximab, prescribed for the treatment of lymphoma and leukemia, as well as
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trastuzumab, were found to have enha nced binding to Fcγ IIIA receptor, possibly due to
reduction in steric inhibition arising from the glycan of the receptor (Jefferis, 2009a).
Furthermore, the enhanced binding capacity of non-fucosylated IgGs reflects the ability
of glycosylation to not only alter the quaternary structural conformity of the IgG itself, but
also the steric mechanisms with which structurally sound IgGs interact.
In the absence of N-glycosylation, mAb are susceptible to thermal and chemical
denaturation, as well as proteolytic degradation. For example, the melting
temperatures, where half of the protein is unfolded due to thermal denat uration, of three
unidentified non-glycosylated mAb were reduced by approximately 10% compared to
the glycosylated human myeloma IgG1 standard (Ionescu et al., 2008; Stanley et al.,
2009; Zheng et al., 2011). Furthermore, the susceptibility to chemical denaturation via
guanidine hydrochloride of the same three non-glycosylated mAb was increased by
0.6M, and their liability to preotolytic degredation by papain over a 24 hour incubation
period was similarly increased (Zheng et al., 2011). Thermal and chemical denaturation
of mAb is of particular interest to the downstream processing since both parameters
may contribute to complications due to aggregation and diminished shelf life (Zheng et
al., 2011). Despite its role in safeguarding the therapeutic efficacy of mAb, Nglycosylation may contribute to mAb immunogenicity in humans especially when nonmammalian sugar monomers are incorporated into the glycan structure.
1.9.1 Glycan profiles of plants and mammals
Subtle but consequential differences in the identities of the sugar moieties that
decorate core N-glycans separate plant and human N-glycosylation: (i) the ends of the
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branched N-glycans on human proteins are capped with a penultimate β1,4-galactose
(hereafter galactose) and sometimes a terminal α2,6-sialic acid (hereafter sialic acid),
though mAb are not sialylated and plant proteins possess neither sugar (Figure 2.6C),
and (ii) plant N-glycans contain β1,2-xylose (hereafter xylose) and α1,3-fucose
(hereafter fucose) while those of humans do not (Figure 2.6B) (Bosch et al., 2013).
However, it should be noted that despite the fact that human N-glycans may carry α1,6
–fucose, this linkage of fucose is not found in native plant N-glycans. The presence of
xylose and fucose is of particular concern for plant-produced pharmaceuticals as these
two sugars are potentially immunogenic to humans.
1.9.2 Immunogenicity of β1,2-xylose and α1,3-fucose
Immunogenicity refers to the ability of a substance termed an immunogen, which
is usually of xenogeneic origin, to elicit an immune response via the production of
antibodies specific to the immunogen because it is recognized as a foreign entity. Thus,
it is reasonable to assume a basal level of immunogenicity exists in recombinant
therapeutic mAb regardless of whether an immune reaction is elicited. Anti-drug
antibodies, produced in response to the immunogenicity of biopharmaceuticals,
including mAb, have been described in pre-clinical and clinical trials (Malucchi and
Bertolotto, 2008; Subramanyam, 2008). Anti-drug antibodies result in the premature
clearance of pharmaceuticals in the patient thereby reducing the efficacy of the drug,
though there are instances were no adverse effects on therapeutic efficacy were
reported as in the case of recombinant human growth hormone (Malucchi and
Bertolotto, 2008).
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In mAb, two potential structural domains contribute to their potential
immunogenicity: the xenogeneic complementarity-determining regions, and glycans that
contain xenogeneic sugars such as β1,2-xylose and α1,3-fucose (Weert and Møller,
2008). Although the humanization of murine mAb significantly reduce their peptide
sequence homology from the native mouse sequence and result in clinically useable
mAb, as in the case of trastuzumab, the small proportion of murine sequences in the
CDRs may still be sufficient to induce immunogenicity. Such is the case reported for
natalizumab, a humanized mAb of murine origin prescribed for the treatment of multiple
sclerosis. Anti-natalizumab antibodies with affinity to the CDR regions of natalizumab
were discovered in the serum of treated patients, and the levels of circulating
natalizumab were depleted (Subramanyam, 2008).
The second potential immunogenic property of mAb is their glycosylation profiles.
In plant-produced mAb, the endongenous plant sugars β1,2-xylose and α1,3-fucose that
are characteristic of plant N-glycans (Figure 2.6A) are not naturally found in mammals
and are thus capable of eliciting immunogenicity in humans. Accordingly, t hese two
sugars have been reported to be immunogenic in various laboratory animals including
mice and rats (Bardor et al., 2003a), rabbits (Faye et al., 1993), and goats (Kurosaka et
al., 1991). In all instances, the animals were immunized with horseradish peroxidase, an
enzyme from horseradish that is glycosylated with both β1,2-xylose and α1,3-fucose,
and antibodies with affinity to both sugars were isolated from their sera (Kurosaka et al.,
1991; Faye et al., 1993; Bardor et al., 2003a). Notwithstanding the strong evidence of
the immunogenicity of β1,2-xylose and α1,3-fucose in mammals occurs in many animal
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species, little evidence of their immunogenicity in humans has been reported, although
their allergenicity (Altmann, 2007) has been well established for more than a decade.
These sugars serve as antigens (Van Ree et al., 2000) for IgE antibodies that have
been found in the sera of patients who are allergic to various plant pollens containing
these sugars. IgEs against xylose and fucose collected from allergic patients were
found to show affinity towards plant-produced 2G12, a mAb against HIV, which was
xylosylated and fucosylated, suggesting that allergic patients may develop an allergic
reaction towards plant-glycosylated mAb. However, it is unclear if the same allergic
reaction would be elicited in non-allergic patients (Jin et al., 2008). To future complicate
matters, Elelyso developed by Protalix and Pfizer, and produced in carrot cells, is both
fucosylated and xylosylated, and was approved for human use by the FDA suggesting
that the presence of these two sugars may not pose a significant immunogenic risk in
humans (Shaaltiel et al., 2007).
Despite the fact that the immunogenicity of xylose and fucose to humans is
enigmatic, the elimination of these two sugars from the glycan profiles of therapeutic
mAb is a priority for therapeutic mAb producers and regulatory agencies (Bosch et al.,
2013). The draft guidance jointly issued by the United States Food and Drug
Administration (USFDA) and the United States Department of Agriculture (USDA),
agencies who oversee the approval of pharmaceuticals and their safety, explicitly states
that plant-produced therapeutics should be screened for potentially immunogenic xylose
and allergenic plant-specific N-glycans (USFDA and USDA, 2002).
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1.9.3 Need to humanize glycosylation in plants
Given the necessity of galactosylation for maintaining the therapeutic properties of
mAb and the potential immunogenicity of plant specific xylose and fucose in order to
exploit plants for mAb production, one must first humanize the plant N-glycosylation
system. To achieve humanized N-glycosylation, β1,2-xylosylation and α1,3-fucosylation
must first be precluded (Figure 2.6B) and the ability to perform galactosylation must
then be instilled (Figure 2.6C).

1.10 De-immunogenizing plant glycosylation: knockdown of β1,2xylosyltransferase and α1,3-fucosyltransferase
It is worthy to note that the USFDA and USDA classify xylose as only potentially
immunogenic and do not explicitly require the complete elimination of xylose and plantspecific N-glycans from plant-produced pharmaceuticals (USFDA and USDA, 2002).
However, to minimize all possible risks of immunogenicity, abolition of these two sugars
is warranted, given that 60% of mAb produced in tobacco plants were fucosylated and
xylosylated (Cabanes-Macheteau et al., 1999). Furthermore, studies have indicated the
presence of fucosylated glycans on mAb may abate the structural integrity and
therapeutic efficiency of the proteins (Woof and Burton, 2004; Wuhrer et al., 2007). A
proven method to prevent xylosylation and fucosylation of recombinant proteins in
plants is to knockdown the plant-specific enzymes that catalyze the attachment of these
two sugars: β1,2-xylosyltransferase (XylT) and α1,3-fucosyltransferase (FucT).
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1.10.1 FucT and XylT: Localization, function and reaction catalyzed, products
XylT and FucT are involved during the glycan-maturation phase of glycosylation
after the core glycan structures have been trimmed (Stanley et al., 2009), acting in the
medial and trans Golgi cisternae, respectively (Fitchette-Laine et al., 1994). XylT
catalyzes the transfer of xylose from UDP-xylose onto the β-linked mannose at the
distal end of the glycans core, while FucT catalyzes the attachment of fucose from
GDP-fucose onto the GlcNac proximal to the asparagine (Stanley et al., 2009; Wassler,
2013). The knockdown of these two enzymes using RNA interference (RNAi) results in
the abortion of xylosylation and fucosylation.
1.10.2 RNA interference: An overview of its mechanism
RNAi is a potent gene silencing mechanism that was discovered in 1993 in
Caenorhabditis elegans and involves the use of double stranded RNA to induce gene
silencing (Mack, 2011). Briefly, a construct is built using the sense and a nti-sense
sequence of the target gene to be silenced which are separated by a spacer sequence.
The construct is then transformed into a target plant. Upon transcription, a double
stranded RNA structure termed a hairpin is formed on the nascent mRNA, due to
complementary base pairing between the sense and anti-sense sequence. The hairpin
is recognized by double stranded RNA Binding Proteins (dsRBPs) and subsequently
shuttled to the RNA endonuclease Drosha where the hairpin is cleaved forming presmall-interferring RNA (pre-siRNA) (Sashital and Doudna, 2010). A second
endonuclease Dicer, then associates with the dsRBP and splices the pre-siRNA into
approximately 20 to 30 nucleotide long siRNA fragments (Martínez de Alba et al., 2013).
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Subsequently, the siRNA is methylated, shuttled to the cytloplasm where it is
transferred to the Argonaute (Ago) protein inside the RNA-induced silencing complex
(RISC) before dissociating into two single-stranded RNA fragments. The first fragment,
termed the passenger strand, is destroyed via endonucleolytic degredation while the
second fragment, termed the guide strand, binds to Ago forming an active RISC
(Sashital and Doudna, 2010; Martínez de Alba et al., 2013). Gene silencing is facilitated
by the binding of the active RISC to mRNA sequences that are complimentary to the
guide strand. Hence, the targeted mRNA is either subject to translational repression if it
is not entirely complementary to the guide strand, or is spliced by the PIWI domain of
the Ago if the mRNA sequence is completely complementary (Sashital and Doudna,
2010; Mack, 2011).
1.10.3 RNAi knockdown of XylT and FucT in Literature
RNAi has been successfully used to silence FucT and XylT in a variety of model
plant species commonly used for recombinant protein expression: Arabidopsis thaliana
(Strasser et al., 2004), Lemna minor (Cox et al., 2006), Medicago sativa (Sourrouille et
al., 2008), Nicotiana benthamiana (Strasser et al., 2008), and N. tabacum „BY2‟ cells
(Yin et al., 2011) among others. Single RNAi vectors targeting either FucT and XylT
were individually expressed in A. thaliana (Strasser et al., 2004), N. benthamiana
(Strasser et al., 2008), and M. sativa (Sourrouille et al., 2008), and in all instances, a
reduction in the targeted glycotransferase was detected as a reduction in xylosylation or
fucosylation of the endogenous protein glycans. Furthermore, the progeny arising from
the crossing of FucT knockdown and XylT knockdown parental lines of A. thaliana
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(Strasser et al., 2004) and N. benthamiana (Strasser et al., 2008), respectively, showed
a significant reduction of both xylosylation and fucosylation, confirming the stable
introgression of the RNAi cassettes into the nuclear genome. Similarly, FucT and XylT
knockdown lines of L. minor (Cox et al., 2006) and N. tabacum „BY2‟ cells (Yin et al.,
2011) were also generated using RNAi; however, a single vector simultaneously
targeting both glycotransferases was used in place of performing transformations with
individual vectors and subsequent crossing, as previously reported. In all cases, no
aberrant phenotypes were observed in resultant knockdown lines or their progeny
(Strasser et al., 2004, 2008; Cox et al., 2006; Sourrouille et al., 2008; Yin et al., 2011) .
Collectively, these works corroborate the power of RNAi to silence native genes and the
plasticity of plant glycosylation. Most importantly, these researchers demonstrate the
ability to generate plants that lack immunogenic plant-specific N-glycosylation and serve
as a platform for the use of plants to produce clinically-usable biopharmaceuticals.

1.11 Humanizing glycosylation: Introduction of galactosylation
Following the reduction of xylosylation and fucosylation, the enzymatic machinery
to allow for human-specific N-glycan processing needs to be introduced. To permit
galactosylation, the human β1,4-galactosyltransferase (hGalT), an enzyme not found in
plants, must be introduced.
Human glycoproteins are galactosylated with β1,4-galactose, catalyzed by hGalT.
This enzyme transfers galactose from UDP-galactose, its activated nucleotide sugar
form, onto the terminal N-acetylglucosamine residue of the glycan arm (Palacpac et al.,
1999). Galactosylation affects the conformity of mAb. i.e., the absence of terminal β1,433

galactose residues on N-glycans results in the folding of the mAb, diminishing its ability
to bind to the host‟s Fc receptors (Krapp et al., 2003).
1.11.1 Expression of hGalT in plants
Funcational hGalT has been successfully expressed both in tobacco cell culture
and stably transformed plants. Constitutive expression of the full hGalT in Nicotiana
tabacum „ BY2‟ cell culture resulted in 47.3% of total endogenous glycans being capped
with terminal galactose (Palacpac et al., 1999). Similarly, stable Nicotiana tabacum
‟Samsun NN‟ lines overexpressing hGalT also resulted in the galactosylation of total
soluble endogenous proteins, albeit at a low efficiency of 15% (Bakker et al., 2001).
However, upon crossing the primary hGalT transgenic with a stable tobacco line
expressing the mouse mAb Mgr-48, 30% of the mAb produced from the hybrid progeny
was galactosylated, a level of galactosylation similar to hybridoma-produced Mgr-48
(Wright and Morrison, 1997; Bakker et al., 2001). In a subsequent attempt to ameliorate
N-glycosylation, Bakker et al. (2006) localized the hGalT to the medial Golgi apparatus
by replacing its native localization signal with the CTS domain from the Arabidopsis
thaliana xylosyltransferase (Fitchette-Laine et al., 1994). The total soluble endogenous
protein pool of the resultant stably transformed line showed significant galactosylation,
and when crossed with a homozygous Mgr-48 line, the degree of galactosylation of the
antibody was again comparable to its hybridoma-produced counterpart (Bakker et al.,
2006). The stable expression of hGalT in N. benthmiana would result in a line useful for
producing recombinant mAb and other proteins via agroinfiltration. Furthermore, the
stable expression of hGalT in combination with other enzymes in the human N34

glycosylation pathway will generate a plant host that can be used to produce
recombinant proteins with human N-glycans that will be suitable for clinical applications.
Stable expression of hGalT has been reported in N. benthamiana; a positive
transformant was crossed with a XylT/FucT knockdown line (Strasser et al., 2008) and
the recombinant HIV antibodies 4E10 and 2G12 produced in the hybrid both showed
80% galactosylation and an absence of xylose and fucose, respectively (Strasser et al.,
2009).

1.12 Conclusion
Plant-based production of recombinant proteins using Nicotiana benthamiana is a
safe, low cost, and highly efficient alternative production platform to the standard
Chinese hamster ovary cell culture system for the production of high value therapeutic
monoclonal antibodies. The ability to exploit such a plant-based system is hindered by
the disparities between human and plant N-glycosylation, a crucial post-translational
modification that has dire consequences on the clinical efficacy of the antibody being
produced. The N-glycosylation of plant-produced therapeutic monoclonal antibodies
must be humanized if they are to be administered to human patients. The plant specific
sugars β1,2-xylose and α1,3-fucose are immunogenic to humans and must be
eliminated from the N-glycan, and β1,4-galactose, a characteristic sugar of human Nglycosylation, must be attached. Successes in humanizing the N-glycosylation of plants
have been reported, and recombinant therapeutic monoclonal antibodies produced in
these plant hosts are shown to carry galactosylated N-glycans that lack both β1,2xylose and α1,3-fucose. Humanizing N-glycosylation in plants by the simultaneous
35

removal of both xylose and fucose, and the attachment of galactose will allow for a vast
repertoire of therapeutic monoclonal antibodies to be produced. The enhanced
efficiency of using a plant-production system will allow increased access to these
lifesaving drugs by all patients. Finally, additional post-translational modifications, such
as sialylation, can be introduced into these humanized N-glycosylating plant lines to
widen the range of therapeutic proteins that can be produced.
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2 CHAPTER 2: Stable expression of human β1,4galactosyltransferase in ΔFX Nicotiana benthamiana for the
production of recombinant monoclonal antibodies with human Nglycosylation

2.1 Abstract
Plants have become a promising and economical platform for the production of
therapeutic monoclonal antibodies (mAb). The humanizing of the plant N-glycosylation
pathway by the expression of human β1,4-galactosyltransferase (hGalT) in a β1,2xylosylation and α-1,3-fucosylation deficient mutant line of Nicotiana benthamiana
resulted in novel plant lines suitable for the production of mAb. Three stable
homozygous hGalT N. benthamiana lines were produced and their galactosylation
activity was tested by the transient expression of the mAb trastuzumab. The stable
transgenic lines were able to galactosylate the transiently expressed trastuzumab.
Genetic analysis demonstrated that these lines do not segregate for the hGalT insert,
and these lines show no abnormalities in their morphology.

2.2 Introduction
The humanized monoclonal antibody (mAb) trastuzumab (commercialized as
Herceptin) is prescribed for the treatment of HER2+ breast cancer, an aggressive form
of the disease that affects approximately one-third of patients, where overexpression of
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the HER2 growth receptor on the breast tumour cells causes excessive proliferation and
survival of the tumour(Hudis, 2007). Trastuzumab is conventionally produced using
Chinese hamster ovary (CHO) cell cultures; however, such systems are costly to
maintain thus resulting in healthcare costs of ca.$65000 per annual treatment cycle per
patient in Ontario (Drucker et al., 2008). The resultant economic hardship imposed by
treatment, in combination with the underlying risk of zoonotic contamination has lead to
the investigation into the use of alternative production platforms such as plants. The
successful production of trastuzumab and various therapeutic mAb have been reported
in the plant Nicotiana benthamiana (Bakker et al., 2001; Bardor et al., 2003b; Strasser
et al., 2009; Grohs et al., 2010; Komarova et al., 2011). Furthermore, it has been
demonstrated that plant-produced trastuzumab possesses comparable in vitro efficacy
to that of its commercial CHO cell produced counterpart (Grohs et al., 2010; Komarova
et al., 2011). Despite this success, plant-produced mAb are deemed unsuitable for
clinical use due their plant-specific glycosylation.
N-glycosylation, the post-translational modification of proteins wherein sugar
moieties are enzymatically attached to the Asn297 of the nascent peptide, is well known
to substantially affect the pharmaceutical properties of therapeutic mAb (Gomord et al.,
2010). The N-glycosylation of human mAb is characteri zed by the presence of terminal
β1,4-galactosylated glycans which assist in securing the conformity and effective
function of the molecule. The N-glycosylation of native plant proteins is characterized by
the attachment of the sugars β1,2-xylose and α-1,3-fucose onto its glycans, both sugars
of which are non-existent in human glycosylation. Consequently, the presence of β1,2 38

xylose and α-1,3-fucose may render proteins immunogenic in humans. Furthermore,
plant-produced mAb that are xylosylated and fucosylated may be swiftly cleared from
the patient‟s blood stream by anti-drug antibodies thereby rendering the treatment
ineffective(Jefferis, 2009b; Bosch et al., 2013). Therefore, to facilitate the production of
mAb in plants, it is imperative that the native plant N-glycosylation pathway be
humanized by the removal of β1,2-xylosylation and α-1,3-fucosylation along with the
simultaneous introduction of β1,4-galactosylation.
β1,2-xylosylation and α-1,3-fucosylation in plants are catalyzed by the enzymes
β1,2-xylosyltransferase (XylT) and α-1,3-fucosyltransferase (FucT), respectively (Bosch
et al., 2013). Recent work has demonstrated the successful downregulation of these
two processes by the use of RNA interference targeting the XylT and FucT genes
(Strasser et al., 2008). Human β1,4-galactosylation is facilitated by the introduction of
the enzyme human β1,4-galactosyltransferase (hGalT) (Furukawa and Sato, 1999;
Qasba et al., 2008). Overexpression of hGalT in plant cell cultures (Palacpac et al.,
1999; Misaki et al., 2003) as well as stable transgenic plants (Bakker et al., 2001;
Strasser et al., 2009) resulted in the β1,4-galactosylation of endogenous plant proteins;
the transient expression of mAb into stable hGalT expressing N. benthamiana lines
resulted in recombinant β1,4-galactosylated mAb. Furthermore, transgenic plants
expressing chimeric hGalT enzymes, where the catalytic domain of hGalT was fused
with the cytoplasmic-transmembrane-stem (CTS) localization domain from other
glycosyltransferases have been generated and demonstrated successful galactosylation
(Bakker et al., 2006; Sourrouille et al., 2008; Strasser et al., 2009). Hybrids between
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stable plants expressing a chimeric hGalT with the rat α2,6-sialyltransferase (ST) CTS
domain and ΔFX N. benthamiana (Strasser et al., 2008), a line with knocked down
expression of XylT and FucT, have been used to successfully produce galactosylated
forms of the anti-HIV mAb 2G12 and 4E10 which simultaneous lack xylose and fucose
(Strasser et al., 2009).
The objective of this study was to create a stable transgenic N. benthamiana line
to facilitate the in planta production of galactosylated recombinant mAb that lack
immunogenic xylose and fucose. To achieve this, a chimeric hGalT with an ST CTS
domain was directly transformed into ΔFX N. benthamiana, a more time-efficient
method compared to that of Strasser et al. (2009) which required plant crossings.
Transgenic plants were made homozygous , and subsequently, their galactosylation
ability was evaluated by the production of the model anti-breast cancer mAb,
trastuzumab.

2.3 Methods
Plant species, construct cloning and Agrobacterium-mediated transformation.
Axenic cultures of Nicotiana benthamiana „ΔFX‟(Strasser et al., 2008) were established
from seed received from Plantform Corporation (Guelph, ON, Canada). Seeds were
surface sterilized in 70% ethanol for one minute, followed by immersion into 20% bleach
with a drop of Tween-20 for ten minutes. Seeds were rinsed in three five-minute washes
of sterile water, and plated onto basal MS medium (Table 3.1).Tissue culture conditions
were maintained at a constant 22ºC with a 16-hour photoperiod. Lighting was
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Table 2.1. Different tissue culture media used for Agrobacterium-mediated transformation and their
components.

MS salts (g/L)
100x B5 vitamins (mL/L)
Sucrose (g/L)
NAA (g/L)
BAP (g/L)

Basal
MS
4.4

Liquid
MS
4.4

Co-cultivation
Medium
4.4

Regeneration
Medium
4.4

Selection
Medium
4.4

10

10

10

10

10

30

30

30

30

30

-

-

0.010

0.010

-

-

-

0.100

0.100

-

8

8

8

-

0.010

0.010

0.300

0.300

Agar (g/L)

8

Phosphinothricin (Glufosinate
ammonium) (g/L)

-

-

Timentin (g/L)

supplemented with cool white fluorescent bulbs at 40 μmol m -2sec-1. Cloning of
SThGalT was performed by Dr. Haifeng Wang . The coding sequence (CDS) for a
chimeric human β1,4-galactosyltransferase (hGalT) was created by fusing the CDS of
the rat (Rattus norvegicus) α2,6-sialyltransferase (ST) (NCBI Reference Sequence:
NP_001106815.1) localization domain to the 5‟ end of the CDS encoding the catalytic
domain of the human (Homo sapiens) β1,4-galactosyltransferase (GalT) (NCBI
Reference Sequence: NP_001488.2); the CDS of the human influenza hemagglutinin
(HA) epitope tag was attached to the 3‟ end of the hGalT CDS to facilitate detection of
the translated chimeric enzyme in later experiments (Figure 3.1). hGalT was placed
under the control of a double-enhanced cauliflower mosaic virus 35S promoted and
truncated rubisco terminator. The chimeric CDS was codon-optimized for Nicotiana
benthamiana. The neomycin phosphotransferase (nptII) sequence of the p105T vector
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2.1. Nucleotide sequence and corresponding amino acid sequence of the chimeric hGalT. The nucleotide
sequence is denoted by lower caser letter and is above the corresponding amino acid, denoted by bolded
capital letters. The sequence highlighted turquoise in dicates the transmembrane localization domain of the
rat (Rattus norvegicus) α2,6-sialyltransferase. The sequence highlighted yellow indicates the catalytic
domain of the human (Homo sapiens) β1,4-galactos yltransferase, while the sequence highlighted green
indicates the human influenze hemagglutinin epitope tag. The nucleotide sequence has been codonoptimized for Nicotiana benthamiana.
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was replaced with that of phosphinothricin acetyltransferase (pat). hGalT and pat were
cloned into the p105T backbone to create the p105T-GalT-pat vector (Figure 2.2).
Vector DNA was received from Dr. Haifeng Wang and transformed into Agrobacterium
tumefaciens „AT542‟ and A. tumefaciens „GV3101‟ via electroporation (Bio-Rad
GenePulser Xcell, 2400 V, 25 µF, 200 Ω) following the manufacturer‟s instructions.
Positive transformants were identified on LB media plates supplemented with 15 g/L
agar, 50 mg/L carbenicilin and 50 mg/L rifampicin. A single colony was selected and the
presence of p105T-GalT-pat was confirmed by restriction digestion. P lasmids were
extracted from a 15-mL culture using a Purelink Plasmid Miniprep Kit (Invitrogen)
following the manufacturer‟s instructions and digested with NcoI and SalI. Digestion of
the empty p105T vector served as a negative control, and plasmid from transformed E.
coli served as a positive control. Digested plasmids were resolved on a 1% agarose gel
and visualized using a GelDoc. Transformed cells were preserved in 80% glycerol at 80oC.
Tissue culture media preparation. Formulations of various tissue-culture media used
for Agrobacterium-mediated transformation are listed in Table 3.1. MS salts (SigmaAldrich) were formulated using macro- and micronutrients as described by Murashige
and Skoog (1962). B5 vitamins used were as described by (Gamborg et al., 1968) and
prepared as a 100x stock in double distilled (ddi)-water (Nanopure), in 10-mL aliquots.
The growth regulators 1-naphthaleneacetic acid (NAA) and 6- benzylaminopurine (BAP)
were prepared by dissolving the respective compound (Sigma-Aldrich) in a drop of 1 M
sodium hydroxide, diluted to 1 mg/mL using ddi-water, and divided into 1 mL aliquots.
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2.2. Schematic representation of the T-DNA region of the p105T-GalT-pat vector. The neomycin
phosphotransferase II (nptII) selectable marker of the p105T vector had been replaced with phosphinothricin
acetyltransferase (pat) under the control of the nopaline s ynthase (nos) promoter and terminator to confer
resistance to phosphinothricin. The human β1,4-galactosyltransferase (GalT) coding sequence (CDS)
contains the localization signal from the rat (Rattus norvegicus) α2,6-sialyltransferase and the chimeric CDS
is fused with a human influenza hemagglutinin (HA) epitope tag at the 3‟ end. The resultant gene (hGalT) is
driven by a double-enhanced cauliflower mosaic virus 35S promoter and truncated rubisco (rbc) terminator.
The heat shock protein promoter (Hsp8.1) is a remnant of the original p105T vector. NcoI and SalI are
restriction cut sites. T-DNA LB and T-DNA-RB indicate the left and right borders of the T-DNA respectively.
For full vector map see appendix.

Phosphinothricin (PPT) (glufosinate ammonium, Sigma-Aldrich) and Timentin (ticarcillin
and clavulanic acid, Ontario Veterinary College) were reconstituted using ddi-water to
10 mg/mL and 300 mg/mL, respectively, sterilized via filtration through a 0.22 μm
syringe filter (manufacturer), and divided into 1-mL aliquots. All aliquots were stored at 20ºC and thawed at room temperature when required. Medium was prepared by
dissolving MS salts, B5 vitamins, and sucrose, as well as growth regulators when
required, in ddi-water, and adjusting to pH 5.7-5.9 with 1 M sodium hydroxide. Agar was
added and the medium was autoclaved at 121ºC, 15 p.s.i., for 20 minutes. Thereafter,
the medium was cooled to 50ºC in a water bath before pouring; glufosinate ammonium
and Timentin were added as required to the cooled autoclaved medium. Media
containing growth regulators, phosphinothricin, or Timentin were replaced every three
weeks.
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Transient expression. The expression and functionality of hGalT was tested by
transient expression using vacuum agroinfiltration. Four-week old greenhouse grown N.
benthamiana ΔFX plants were vacuum infiltrated with the pPFC0011 vector carrying the
heavy and light chains of trastuzumab along with the viral gene-silencing suppressor
P19, in combination with each of the two strains of transformed A. tumefaciens,
following the protocol of Garabagi et al. (2012). Infiltration with solely the pPFC0011
vector served as negative controls. In short, bacterial cells were harvested from
overnight cultures grown in LB Miller medium containing selection antibiotics by
centrifugation at 8000 xg for five minutes at room temperature. The pellet as washed,
resuspended, and diluted in infiltration buffer (10 mM MES, 10 mM MgS0 4, pH 5.5) to
an optical density at 600 nm (OD 600) of 0.2. Infiltration with infiltration buffer served as a
negative control. For each treatment, four three-week-old N. benthamiana plants were
infiltrated by immersing the shoot and leaves into the appropriate bacteria culture and
applying a vacuum of approximately 60-70 mm Hg for two minutes. Post-infiltration,
plants were allowed to recover for 24 hours in the lab, after which they were returned to
the greenhouse and grown as described previously. Plants were irrigated as required
with 20-8-20 fertilizer (200 ppm N, pH 5.5) (Plant Products). Infiltrated leaf tissue were
harvested seven days post infiltration, pooled, and reserved at -80oC until required.
Ricinus communis agglutinin (RCA) - Enzyme-Linked Immunosorbent Assay
(ELISA) for detection of terminal galactose. Terminal galactose was detected on
recombinant plant-produced trastuzumab transiently co-expressed with hGalT. Total
soluble protein (TSP) was extracted from infiltrated tissue by homogenizing one part
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tissue with three parts 1X Tris-buffered saline (TBS) using a Mixer Mill (Qiagen,
MM300) at 30 Hz, for five minutes at room temperature. The homogenate was
centrifuged at 14500 xg at 4ºC for one hour, and the pellet was discarded. Trastuzumab
was purified using protein G spin trap columns (GE Life Science) according to the
manufacturer‟s instructions. Purified trastuzumab concentration was estimated using a
quantitative ELISA with a human myeloma IgG dilution series. RCA-ELISA was then
used to qualitatively assess the activity of hGalT. The RCA-ELISA procedure is outlined
in Table 3.2. All incubation occurred at 37oC. TSP was coated onto a high binding 96well plate (Corning) at a rate of 100 μl/well and incubated for 60 minutes, after which the
TSP was removed and the plate was washed five times with 200 μL/well of TBS with
0.05% Tween20 (TBST). The plate was then blocked with 200 μl/well of blocking
solution of 1x CarboFree blocking solution (Vector Laboratories) and incubated for 60
minutes. Subsequently the blocking solution as removed and replaced with 100 μl/well
of the primary detecting agent, biotinylated RCA (biotin-RCA) (Vector Laboratories)
diluted 1:1000 in blocking solution. The biotin-RCA was allowed to incubate for 30
minutes after which it was discarded and the plate was washed with TBST as described
earlier. Following, 100 μl/well of the secondary detection agent, streptavidin-conjugatedhorseradish peroxidise (strep-HRP) diluted 1:2000 in blocking solution, was added to
the plate. After a 30 minute incubation, the strep-HRP was discarded and the plate was
washed one final time with TBST as described previously. The plate was then
developed by adding 100 μl/well of TMB Turbo substrate (Thermo Scientific) and
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Table 2.2. Outline of the Ricinus communis agglutinin (RCA) – enzyme-linked immunosorbent assay (ELISA)
protocol and the anti-human-influenza-hemagglutinin (anti-HA) - ELISA. RCA-ELISA was used to detect β1,4galactose, while anti-HA-ELISA was used to detect the human β1,4-galactosyltransferase (hGalT) enzyme via
its 3‟ HA epitope tag. TBST is tris-buffered saline with 0.05 % Tween20. RT indicates room temperature.

RCA-ELISA
Detection Target
hGalT
Coat
0.5 μg/well
100 μL/well, 60 min, 37ºC
Wash
TBST
200 μL/well
Blocking Solution
4% milk in TBST
200 μL/well
Primary Detection
Mouse-anti-HA antibody
1:1000 in blocking solution
100 μL/well, 60 min, 37ºC
Wash
TBST
200 μL/well
Secondary Detection Goat-anti-mouse antibody
1:2500 in blocking solution
100 μL/well, 60 min, 37ºC
Wash
Development
Stop

TBST
200 μL/well
TMB Turbo substrate
100 μL/well
10 minutes, RT
1 M H2SO4
100 μL/well

Anti-HA-ELISA
β1,4-galactose
0.5 μg/well
100 μL/well, 60 min, 37ºC
TBST
200 μL/well
1x CarboFree in TBST
200 μL/well
Biotinylated RCA
1:1000 in blocking solution
100 μL/well, 30 min, 37ºC
TBST
200 μL/well
Streptavidin-conjugated-horseradishperoxidase
1:2000 blocking solution
100 μL/well, 30 min, 37ºC
TBST
200 μL/well
TMB Turbo substrate
100 μL/well
7 min, RT
1 M H2SO4
100 μL/well

development was terminated using 1 M sulphuric acid after seven minutes. The plate
was read at 450 nm using a plate reader (Bio-rad).
RCA-lectin blot for detection of terminal galactose. Galactosylation was further
confirmed by lectin blot. One-half microgram of purified trastuzumab was resolved using
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) under
reducing conditions on a 10% polyacrylamide gel and transferred onto polyvinylidene
fluoride (PVDF) membrane following the standard Western blotting protocol modified
from Burnette (1981). Reagents used for development are identical to those of the RCA48

ELISA. After blocking overnight in CarboFree blocking solution at 4oC, galactosylation
was confirmed by probing the blot with biotin-RCA diluted 1000-fold with blocking
solution as the primary detection agent. After incubation at room temperature for 60
minutes, the biotin-RCA solution was discarded and the membrane was washed three
times in TBST for ten minutes per wash. Following, the membrane was incubated in
strep-HRP diluted 5000-fold in blocking solution as the secondary detection agent for 30
minutes at room temperature before a final wash in TBST as described earlier.
Detection was facilitated using Pico chemiluminescent substrate (Thermo Scientific).
After coating the membrane in the substrate, the membrane was exposed onto x-ray
film (Kodak), and the film was then developed using GBX developer (Kodak) and fixed
using GBX fixer (Kodak).
Anti-HA Western blot for the detection of hGalT. The presence of the hGalT enzyme
was further confirmed by immunodetection. Fifteen micrograms of TSP was resolved
using SDS-PAGE and transferred to a PVDF membrane as previously described. The
anti-HA Western blot followed the procedure outlined previously for the RCA-lectin blot
with the following modifications: the blocking solution was 1% w/v bovine serum albumin
(BSA) reconstituted in TBST; the primary detection agent was mouse-anti-HA antibody
diluted 1000-fold in TBS; and the secondary detection agent was HRP conjugated goatanti-mouse antibody diluted 2500-fold in TBS. The blot was developed as described
previously. Equal gel loading was verified by Coomassie staining.
Agrobacterium-mediated transformation. A five-millilitre, overnight culture of A.
tumefaciens „At542‟ carrying p105T-GalT-pat was prepared by inoculating 20 μL of
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glycerol stock into 5mL of LB Miller broth supplemented with selection antibiotics.
Bacterial culture was diluted using liquid MS medium to an OD 600 of 0.2. Explants were
excised from the leaf blades of N. benthamiana grown in axenic culture and incubated
in the diluted bacterial culture for 30 minutes (Figure 3.3A), after which they were
blotted dry and plated, adaxial side up, onto co-cultivation medium (Figure 3.3B) for
three days in the dark. Explants were trans ferred onto regeneration media, and shoots
that regenerated were excised at the four-leaf stage (Figure 3.3C, D) and rooted on
selection medium (Figure 3.3E) to establish putative primary transgenic lines (Figure
3.3F). All lines were subcultured every three weeks, and selection was maintained for
the first three subcultures after the primary transgenic line was established. The
transgenic nature of each primary transgenic line was screened by RCA-ELISA (as
described previously) and anti-HA-ELISA. The anti-HA-ELISA was modified from the
RCA-ELISA with the following modifications: blocking was facilitated with skim milk (4%
skim milk powder reconstituted in 1x TBS), mouse-derived anti-HA antibody (αHA-Ab)
diluted 1:2000 in skim milk served as the primary antibody, and horseradish peroxidaseconjugated-goat-anti-mouse antibody (HRP-GαM-Ab) diluted 1:5000 in skim milk served
as the secondary antibody. Plants that screened positive for galactosylation activity
were transferred to six-inch standard pots containing a 1:1 mixture of Sunshine Mix#4
and Turface MVP (Plant-Prod, Brampton, ON) for seed production. Plants were irrigated
as required and fertilized monthly with 20-8-20 fertilizer (200ppm N, pH 5.7). Growth
room parameters were set to approximately 100 μmol m-2 sec-1 of light on a 16-hour
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2.3. Agrobacterium-mediated transformation of Nicotiana benthamiana. (A) 10 x 10 mm leaf explants were
taken from N. benthamiana plants grown in axenic culture, incubated in a culture of A. tumefaciens and
bruised with a pair of forceps; (B) leaf explants plated onto regeneration medium ; (C) formation of
adventitious buds ; (D) shoot regeneration; (E) regenerated shoot rooting on selection medium ; and (F)
primary transgenic lines established. Scale bars represent 10 mm.

photoperiod with 21oC/18oC day/night temperatures. Five lines expressing hGalT and
exhibiting superior growth and normal flowering were selected.
Advancement to homozygosity. Self-pollination was facilitated by removing all open
flowers and cauline leaves along the inflorescence and securing a pollination bag
(Crawford Provincial catalogue #2108695) over the inflorescence. Bagged plants were
periodically agitated to encourage pollination. T1 seeds were collected from dehisced
capsules, dried at room temperature for ten days, and stored in paper envelopes in the
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dark at room temperature. Segregation for PPT resistance in T1seedlings was evaluated
nine days after plating on selection medium containing10 mg/L phosphinothricin
(glufosinate ammonium) (Table 2.1). Segregation ratios were tested against a 3:1
segregation model for a simple dominant Mendelian gene. Ten resistant seedlings from
each line were transferred to soil to produce self-pollinated T2 seeds. Plants that
produced non-segregating T2 seedlings were deemed homozygous. Five plants from
each line were advanced to T3 to confirm homozygosity.
Confirmation of hGalT activity. Confirmation of the galactosylating function of the
homozygous T2 transgenic lines was achieved by transiently expressing trastuzumab
via spot infiltration. An overnight culture of A. tumefaciens „AT542‟ carrying the
pPFC0011 vector was diluted with infiltration buffer to an OD 600 of 0.2. The bacterial
culture was infiltrated into the abaxial side of fully expanded leaves of four-week old
plants using a needleless syringe. Four plants from each line were infiltrated. The
infiltrated leaves were harvested after seven days, TSP was extracted, and trastuzumab
was purified and quantified as described previously. Ten micrograms of trastuzumab
was resolved per lane under reducing conditions on a 10% polyacrylamide resolving
gel. The resolved antibody was transferred to PVDF membrane and subjected to RCA lectin blot to detect the presence of galactosylation.
Statistical analyses. All means comparisons were conducted using Tukey‟s test at
α=0.05 with SAS9.3 (SAS Institute, Cary, NC). The chi-square test at α=0.05 was used
for segregation analysis and calculated with SAS9.3 (SAS Institute, Cary, NC).
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2.4 Results
Plant and bacteria species. Successful transformation of p105T-GalT-pat into A.
tumefaciens „AT542‟ and „GV3101‟ was confirmed by restriction digestion using NcoI
and SalI. Two bands of 5.4kb and 3.3 kb, respectively, were observed, corresponding to
each expected restriction digestion product (Figure 3.4). The third expected 0.05 kb
band was expected to run off the gel and was not observed. Residual undigested
p105T-GalT-pat vector DNA was observed as an 8.7 kb band. Undigested plasmid from
strain GV3101 was observed as a 10.0 kb band.
Detection of hGalT enzyme and protein galactosylation in infiltrated plants.
Purified trastuzumab resolved under reducing conditions with SDS-PAGE showed high
purity indicating successful purification using protein G (data not shown).
Galactosylation of trastuzumab was achieved by co-infiltrating p105T-GalT-pat in either
strain of Agrobacterium with the pPFC0011 trastuzumab vector. RCA-ELISA of
trastuzumab co-infiltrated with hGalT expressed in Agrobacterium tumefaciens „AT542‟
showed nearly two times greater galactosylation than when co-infiltrated with hGalT
expressed in „GV3101‟ (Figure 3.5). This result was corroborated by RCA lectin blot;
although a 50 kDa band corresponding to the heavy chain of trastuzumab was detected
in all the samples co-infiltrated with hGalT, greatest signal was observed when
trastuzumab was co-expressed with hGalT in AT542 (Figure 3.6). Equivalent gel
loading was confirmed with Coomassie blue staining (results not shown). The hGalT
enzyme was detected via immunoblotting with an anti-HA antibody as a 47 kDa band on
the SDS-PAGE gel corresponding to the predicted molecular weight of the hGalT
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2.4. Restriction digestion of plasmid DNA from transformed Agrobacterium tumefaciens „AT542‟ and
„GV3101‟ demonstrated successful transformation with the p105T-GalT-pat vector. Plasmids were extracted
from bacteria culture expanded from a single colony and digested with SalI and NcoI. Approximately 250 ug
of digested plasmid DNA was loaded onto each lane of a 1 % agarose gel. Plasmid DNA from E. coli served
as a positive control and the unmodified p105T vector with the original neomycin phosphotransferase II
(NptII) selectable marker served as the negative control. Two bands of 5.4 kb and 3.3 kb respectively were
detected in Agrobacterium transformants and the positive control. Lanes are as labeled: 1, transformed A.
tumefaciens „AT542‟ colony 10 ; 2, transformed A. tumefaciens „AT542‟ colony 12; 3, plasmid DNA from E. coli
as positive control; 4. transformed A. tumefaciens „GV3101‟ colony 10; 5, untransformed transformed A.
tumefaciens „GV3101‟; 6, transformed A. tumefaciens „GV3101‟ colony 12; and 7, unmodified p105T-GalT-pat
vector with NptII as negative control.
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2.5. Ricinus communis agglutinin- Enzyme-linked immunosorbent assay (RCA-ELISA) demonstrated
agroinfiltration of Agrobacterium tumefaciens „AT542‟ and „GV3101‟ transformed with the p105T-GalT-pat
vector conferred galactosylation activity. The Δ FX line of Nicotiana benthamiana deficient in β1,2xylosylation and α1,3-fucosylation was used. Five, three-week-old plants were vacuum co-infiltrated with the
pPFC0011 vector expressing the heavy and light chains of the monoclonal antibody trastuzumab and the
gene-silencing suppressor P19 along with either strain of A. tumefaciens transformed with the p105T-GalTpat vector. Agroinfiltration with infiltration buffer and solely the pPFC0011 vector served as negative
controls. Infiltrated leaves were harvested seven days post-infiltration and pooled. Total soluble protein
(TSP) was extracted and trastuzumab was purified. Varying quantities of TSP (from buffer-infiltrated plants)
and purified trastuzumab were coated onto the ELISA plate. Bars represent the mean of three technical
replicates. Error bars represent standard deviation. Means for treatments at each loading concentration were
analyzed individually and separated using Tukey‟s test at a significance of α=0.05. At all loading quantities,
significant galactosylation activity was detected in trastuzumab samples co-expressed with the p105T-GalTpat regardless of the bacterial strain, compared to the TSP of buffer-infiltrated plants or trastuzumab
expressed without the p105T-GalT-pat vector, respectively.
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2.6. Lectin blot with Ricinus communis agglutinin (RCA) lectin confirmed galactosylation of trastuzumab that
was produced with the transient co-infiltration of the p105T-GalT-pat vector. The Δ FX line of Nicotiana
benthamiana, deficient in β1,2-xylos ylation and α1,3-fucos ylation, was used. Five, three-week-old plants were
vacuum co-infiltrated with the pPFC0011 vector expressing the heavy and light chains of the monoclonal
antibody trastuzumab and the gene-silencing s uppressor P19 along with either strain of A. tumefaciens
transformed with the p105T-GalT-pat vector. Agroinfiltration with infiltration buffer and solely the pPFC0011
vector served as negative contr ols. Infiltrated leaves were harvested seven days post-infiltration pooled.
Total soluble protein was extracted and trastuzumab was purified. Ten micrograms of purified trastuzumab
was resolved under reducing conditions on a 10 % polyacrylamide gel using sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Resolved proteins were blotted onto a polyvinylidene fluoride membrane
and probed with RCA. Signal observed at the 50 kDa marker corresponded to the heavy chain of trastuzumab
which houses a single N-glycosylation s ite. Lanes are as labeled: 1, buffer infiltrated negative control; 2,
pPFC0011 negative control; 3, pPFC0011 and p105T-GalT-pat in A. tumefaciens „GV3101‟; 4, pPFC0011 and
p105T-GalT-pat in A. tumefaciens „GV3101.‟

enzyme (Figure 3.7). The greatest concentration of hGalT was detected when the
hGalT vector was expressed in AT542; no detectable hGalT was observed in the TSP
of plants infiltrated with the hGalT vector in GV3101. Results of the HA immunoblot
support the observed differences in trastuzumab galactosylation observed in both the
RCA-ELISA and lectin blot. Consequently Agrobacterium tumefaciens „AT542‟
transformed with the p105T-GalT-pat vector was chosen to generate subsequent stable
hGalT lines.
Agrobacterium-mediated transformation.
Fifty-six primary transgenic (T0) lines were established. All lines were either positive for
galactosylation of endogenous proteins as determined by RCA-ELISA, or the presence
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2.7. Immunoblot with anti-human-influenza-hemagglutinin (anti-HA) antibody demonstrated observable levels
of human β1,4-galactosyltransferase enzyme (hGalT) were detected in ΔFX Nicotiana benthamiana plants, a
line deficient in β1,2-xylosyltransylation and α1,3-fucosylation, that were vacuum infiltrated with the p105TGalT-pat vector. Five three-week-old plants were vacuum co-infiltrated with the p105T-GalT-pat vector in
either Agrobacterium tumefaciens „AT542‟ or „GV3101‟ along with the pPFC0011 vector carrying the heavy
and light chains of the monoclonal antibody trastuzumab together with the viral gene silencing suppressor
P19. Infiltrated tissue was harvested seven days post-infiltration and tissue from each treatment was pooled.
Total soluble protein was extracted from each treatment and 10 μg/lane was resolved on a 10 %
polyacrylamide gel using sodium dodecyl sulfate polyacrylamide gel electrophoresis under reducing
condition. (A) Coomassie blue staining demonstrated equal gel loading. (B) Anti-HA immunoblot
demonstrated detectable hGalT when the strain AT542 was used for infiltration. Signal was observed below
the 50 kDa marker corresponding to the estimated 47 kDa molecular weight of hGalT. Lanes are as labeled: 1,
buffer infiltrated negative control; 2, pPFC0011 negative control; 3, pPFC0011 and p105T-GalT-pat in A.
tumefaciens „GV3101‟; 4, pPFC0011 and p105T-GalT-pat in A. tumefaciens „GV3101.‟

of the hGalT enzyme as determined by anti-HA-ELISA (Figure 3.8). Levels of
detectable hGalT enzyme did not correlate to the degree of TSP galactosylation. A
broad range of the degree of galactosylation and hGalT levels was observed across all
screened lines reflecting the possible random positioning effect of the vector insertion.
No morphological differences were observed in vegetative growth habit and plant
stature between transgenic and untransformed plants when both were grown in tissue
culture and in soil, although 20 plants showed an abnormal flowering phenotype: the
corolla and anthers failed to develop and a single extended stigma was observed from
each
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Figure 2.8. Summary of results of primary transgenic screening with Ricinus communis agglutinin enzymelinked immunosorbent assay (RCA-ELISA) a nd anti-human-influenza-hemagglutinin (HA-ELISA). The RCAELISA detected the presence of β1,4-galactosylation, while the anti-HA-ELISA detected the presence of the
hGalT enzyme via its HA epiotope tag. Total soluble protein was extracted from juvenile leaves of primary
transgenic lines rooted on selection medium containing 10 mg/L phosphinothricin. Bars represent the
average of five to six technical replicates normalized to the untransformed Nicotiana benthamiana ΔFX line
that is deficient in β1,2-xylos ylation and α1,3-fucos yaltion. dFX refers to the Δ FX negative control. Error bars
indicate standard deviation.
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flower bud (Figure 3.9). These 20 lines were discarded, as were the 13 lines that
succumbed to Botrytis infection. In total, self pollinated T1 seed was collected from the
remaining 23 lines of which five lines were further selected to be carried forward based
on the anti-HA-ELISA results. Although NBhGalT45 showed the highest level of hGalT
expression, the plant showed an abnormal flowering phenotype and was unable to set
seed. NBhGalT4 showed the highest level of hGalT expression amongst the surviving,
morphologically normal lines while NBhGalT8 showed the lowest. NBhGalT14 was the
first line to set seed and was carried forward for testing.
Advancement to homozygosity.
Both Mendelian and non-Mendelian segregation ratios for PPT resistance as a simple
dominant allele in T1 seedlings were observed (Table 2.3). PPT susceptible seedlings
succumbed to the toxicity of the compound having been completely bleached and
unable to grow beyond the cotyledonary stage with minimal root growth, while PPT
resistant seedlings continued to grow true leaves and extensive roots (Figure 2.10). T3
lines homozygous for hGalT were identified by non-segregating seedlings resistant to
PPT (Figure 2.11 ).
Confirmation of hGalT activity
Galactosylation was detected from purified trastuzumab transiently expressed in hGalT
homozygous T2 plants indicating the function of hGalT in these genetically transformed
lines (Figure 2.12). Surprisingly, no galactosylation signal was observed on
trastuzumab produced in line NBhGalT4.
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2.9. Comparison of the abnormal floral phenotype observed in some transformed NBhGa lT lines to the
normal floral phenotype of the untransformed plant. (A) Normal flowers of the untransformed Δ FX Nicotiana
benthamiana, a line deficient in β1,2-xylos ylation and α1,3-fucos ylation. The corolla tube extends well
beyond the calyx. Neither the anthers nor the stigma extend be yond the corolla. (B) The abnormal flowers
observed in some NBhGalT had a highly reduced or non-existent corolla tube and lacked anthers. A single
stigma can be seen often extending be yond the calyx as indicated by the black arrow.
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2.3. Segregation of phosphinothricin resistance in NBhGalT T1 seedlings and results of Χ2 analysis to test
goodness-of-fit test to 3 :1 Mendelian segregation ratio for a single dominant allele. The „Line‟ column
indicates the NBhGa lT line number, „PPT-R‟ is the number of seedlings resistant to phosphinothricin, „PPT-S‟
is the number of seedlings susceptible to phos phinothricin, and the „Χ 2‟ column lists the test statistic. The
significance of the Χ2 test was evaluated at α=0.05

Line

PPT-R

PPT-S

χ2

p

1

101

49

4.7022

0.030

4

115

35

0.222

0.637

6

112

37

0.002

0.962

8

72

76

54.810

<0.0001

10

115

32

0.819

0.366

11

67

26

0.434

0.510

14

97

50

6.370

0.012

18

110

34

0.1481

0.700

22

84

61

22.5310

<0.0001

24

93

45

4.2609

0.039

29

98

37

0.4173

0.518

32

131

14

18.2092

<0.0001
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2.10. Representative segregation for phosphinothricin resistance of 50 T 1 seedlings of select NBhGa lT lines.
(A) Seedlings of the untransformed ΔFX Nicotiana benthamiana line deficient in β1,2-xylosylation and α1,3fucosylation served as a negative control and showed complete susceptibility to phosphinothricin. Seedlings
of NBhGa lT4 (B), NBhGalT6 (C), NBhGalT8 (D), NBhGa lT10 (E), and NBhGalT14 (F) all showed segregation for
phosphinothricin reistance. Seeds were plated onto selection medium containing 10 mg/L phosphinothricin.
Segregation was evaluated 10 days after plating for the negative control and all lines except NBhGalT8,
which was evaluated 14 days after plating. Seedlings with dark green cotyledons were deemed
phosphinothricin-resistant, while seedlings with chlorotic cotyledons were deemed susceptible to
phosphinothricin.
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2.11. Differential resistance to phosphinothricin observed between NBhGalT lines. T 3 seedlings of three
homozygous NBhGalT lines were plated onto selection medium containing 10 mg/L phosphinothricin to
confirm non-segregating phosphinothricin-resistance nine days after plating. The untransformed ΔFX
Nicotiana benthamiana line deficient in β1,2-xylosylation and α1,3-fucos ylation served as a negative control.
Seedlings of NBhGa lT8 (A), NBhGalT4 (B), and NBh GalT10 (C) all showed non-segregating resistance to
phosphinothricin, while the negative control (D) showed complete susceptibility. Different levels of
phosphinothricin-resistance were observed between the NBhGalT as evident by the colour of the cotyledons.
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2.12. Lectin blot with Ricinus communis agglutinin (RCA) lectin confirmed β1,4-galactosylation of
trastuzumab that was transiently produced in homozygous T2 NBhGalT lines. Four three -week-old plants
spot infiltrated with the pPFC0011 vector carrying the heavy and light chains of the monoclonal antibody
trastuzumab together with the viral gene sile ncing suppressor P19. Infiltrated tissue was harvested seven
days post-infiltration. Total soluble protein was extracted and trastuzumab was purified. Ten micrograms per
lane of purified trastuzumab was resolved on a 10 % polyacrylamide gel using sodium dodecyl sulfate
polyacrylamide gel electrophoresis under reducing conditions Resolved trastuzumab was blotted onto a
polyvinylidene fluoride membrane and either (top) stained with Coomassie blue stain to demonstrate equal
loading or (bottom) probed with RCA to detect galactosylation. The galactosylated monoclonal anti-HIV
antibody B12 served as a positive control while its ungalactosylated analogue served as a negative control.
Lanes are as labeled: 1, trastuzumab produced in NBhGalT4 ; 2, trastuzumab produced in NBhGalT6; 3,
trastuzumab produced in NBhGa lT8 ; 4, trastuzumab produced in NBhGalT10; 5 -7, trastuzumab produced in
three plants of NBhGalT14 ; 8, ungalactos ylated B12 as negative control; and 9, galactosylated B12 as
positive control.

2.5 Discussion
The generation of N. benthamiana lines with humanized N-glycosylation is the first
step towards plant-based mAb production. The ability to adapt a plant-based production
system for the production of therapeutic mAb such as trastuzumab would not only
enable access to these drugs by all patients, but would also assist in alleviating the
financial burden that high drug costs place on the public healthcare system.
Agroinfiltration is an established protocol used for the in planta transient
expression of recombinant proteins. Unlike stable expression where the T-DNA
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containing the gene is integrated into the plant genome and its expression is partially
under the control of local endogenous factors, transient expression generally results in
relatively high expression, allowing for the avoidance of plant-endogenous expression
control. Although only the T-DNA is expressed in the plant host, differing expression
levels of hGalT were observed when p105T-GalT-pat was transiently expressed using
the two strains of A. tumefaciens despite expressing the identical vector and using
plants of the same genetic background and maturity. The use of different strains of A.
tumefaciens result in differing transformation efficiencies in both cell cultures (An, 1985)
and whole plants (Oltmanns et al., 2010) presumably due to differing host-specific
virulence conferred by the Agrobacterium host factor VirF (Tzfira and Citovsky, 2002).
Similarly, differences in transient transgene expression in N. benthamiana have been
attributed to the strain of the Agrobacterium used for infiltration (Wroblewski et al., 2005;
Wydro et al., 2006).Given the remarkable differences observed in GUS expression in N.
benthamiana when different Agrobacterium strains were used for infiltration (Wroblewski
et al., 2005), the variable ranking of different bacterial strains for transformation
efficiency, and the potential high value of plant-produced recombinant mAb, the
Agroinfiltration protocol currently being used can be optimized in the future by
identifying high-expressing bacterial strains through empirical methods.
All primary transgenic lines screened positive for hGalT expression, and all lines
exhibited normal vegetative growth. However, from an initial population of primary
transgenic lines, approximately half the population exhibited abnormal floral
morphology. The observed flowering mutant phenotypes can probably be attributed to
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the location effect of the transgene insertion(Wilson et al., 2006) as the flowers of a
subpopulation of positively screened transgenics remained unaffected. Given that the
advance from the vegetative phase to reproductive phase was not hindered in the
flowering mutants, it can be inferred that the transgene construct may have been
inserted into a locus that controls floral organ differentiation. Lines exhibiting mutant
floral phenotypes were discarded as they could not be self-pollinated and thus could not
be advanced to homozygosity.
The production of a transgenic line homozygous for hGalT would facilitate the
bulking of seed for potential commercial growing and entails repeated cycles of self
pollination and selection with glufosinate ammonium. hGalT was expected to segregate
as a simple dominant Mendelian allele given that hemizygous primary transgenic lines
carrying a single copy of the construct should exhibit galactosylation activity and
phosphinothricin resistance.
This assumption was validated by previous work where hGalT was stably
transformed into N. tabacum (Bakker et al., 2001), as well as when pat, used as a
selectable marker in the present work, was transformed into Lotus japonica (Lohar et
al., 2001). In advancing the primary transgenic lines to homozygosity, selection was
performed solely based on the presence of the phospinothricin resistance selectable
marker under the assumption that the marker remained tightly linked to hGalT without
recombination. Recombination between a selectable marker and the transgene for
which it selects for breaks the linkage between the two sequences and has been
exploited to generate marker-free transgenic plants (Puchta, 2003).In the T1 generation,
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segregation patterns for phosphinothricin resistance deviating from a 3:1 ratio were
observed in a number of lines suggesting the integration of more than a single copy of
the p105T-GalT-pat construct. Non-Mendelian segregation ratios for transgene
inheritance are not uncommon and have been extensively reported across various plant
species (Yin et al., 2004). Although increased galactosylation due to the additive effect
of multiple hGalT inserts may be possible, the presence of excessive transgene copies
may instead result in transgene silencing (Schubert et al., 2004) and is thus
undesirable. For this reason, and the time investment required to identify homozygous
individuals in complex segregation patterns, lines with non-Mendelian segregation were
discarded.
Segregation for phosphinothricin resistance was evaluated ten days post seed
inoculation onto selection media as this was the soonest the resistant and susceptible
segregating classes could be definitively distinguished. Line NBhGalT8 was an
exception in that segregation could not be definitively assessed until 14 days post
inoculation; all seedlings appeared chlorotic from germination similar to that of the
negative control and resistant seedlings were not distinguishable at the ten day stage.
This result suggested weak expression of the phosphinothricin resistance selectable
marker. Anecdotal evidence suggests that the degree to which a transgenic line
expresses the selectable marker can be correlated to the expression of the transgene
for which it is selected. Results from the initial primary transgenic screens showed
NBhGalT8 to exhibit the lowest level of hGalT of all the screened lines thereby
corroborating such anecdotal accounts. Furthermore, when T3 seeds were plated onto
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selection media to confirm the homozygosity of the hGalT insert, NBhGalT4 seedlings
arising from the NBhGalT4 primary transgenic plant that showed the highest hGalT
expression during the initial T0 screening appeared most vigorous and visually darker
green than seedlings of other lines. This suggested the NBhGalT4 line possessed
greater resistance of to phosphinothricin than the other NBhGalT lines. Logically,
continuing on the assumption that the transgene and selectable marker remain closely
linked when the construct is inserted into a locus that facilitates high expression, both
the selectable marker and transgene should be expressed at similar levels. Therefore,
both the variability in phosphinothricin resistance, and the correlation between
phosphinothricin resistance and hGalT expression observed between primary
transgenic lines maybe attributed to the positional effect of the insertion(Butaye et al.,
2005).Ultimately, transgenic lines with high hGalT expression may be uncovered by
generating and screening larger populations of primary transgenic plants than was
generated in this thesis, as limited by time and infrastructure. As a preliminary screen, a
colorimetric assay may be performed to reduce the number of transformants that need
to be screened (Lohar et al., 2001).
Differing galactosylation efficiencies were observed between homozygous lines
and among T3 plants of the same line. Line NBhGalT4 which showed the greatest
phosphinothricin did not appear to galactosylate transiently expressed trastuzumab.
This line demonstrated Mendelian segregation of phosphinothricin resistance at the T 1
stage, and non-segregating phosphinothricin resistance in the T2 and T3 generations.
The loss of galactosylation activity coincides with the advancement of homozygosity
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and suggests that the presence of two copies of the hGalT insert at that specific locus
may have elicited a plant endogenous gene silencing mechanism (Schubert et al.,
2004). To validate this speculation requires expression analysis to determine whether
the hGalT coding sequence is being translated.
Prior to using the newly developed hGalT expressing N. benthamiana lines for
recombinant mAb production, further characterization is required. Recombinant
trastuzumab expressed in these lines should be subject to mass spectrometry to
determine the efficiency of galactosylation as well as the N-glycan composition of the
molecules produced.
Of particular concern is the continued suppression of xylosylation and
fucosylation in the stable hGalT lines. It has been reported that when two unrelated TDNAs are present in the same genome, the presence of one is capable of suppressing
the expression of the other via methylation of its promoter sequence (Matzke et al.,
1989). As the untransformed ΔFX N. benthamiana starting plant material already
contained two different T-DNA inserts for RNA interference (RNAi) cassettes targeting
FucT and XylT respectively (Strasser et al., 2008), it may be possible that the
introduction of the hGalT T-DNA could cause the suppressed expression of the RNAi
cassettes.
The production of stable homozygous hGalT expressing lines in the ΔFX N.
benthamiana background resulted in novel plant lines that can be used to produce
recombinant mAb with human N-glycosylation that are suitable for clinical use. These
lines help to overcome the differences between plant and human N-glycosylation,
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currently one of the major limitations precluding the use of plants to produce
recombinant therapeutic mAb suitable for human use. For future works, two lines,
NBhGalT8 and NBhGalT10, should be selected based on their galactosylating ability
and the Mendelian nature of the transformed chimeric hGalT gene. Additional
recombinant glycoproteins with multiple N-glycosylation sites may be produced in these
lines to determine their galactosylation efficiencies. Finally, the N-glycoslyation of these
two lines may be further modified by the introduction of the human sialylation pathway
to expand the number of recombinant protein pharmaceuticals that can be produced in
these plants.
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3 CHAPTER 3: Knockdown of α1,3-fucosylation and β1,2xylosylation in Nicotiana benthamiana via RNA interference
targeting α1,3-fucosyltransferase and β1,2-xylosyltransferase

3.1 Abstract
The natural incorporation of immunogenic α1,3-fucose and β1,2-xylose into the Nglycans of plant-produced proteins hinders the ability to use plants to produce low cost
therapeutic monoclonal antibodies. To overcome this limitation, the silencing of the
α1,3-fucosyltransferase and β1,2-xylosyltransferase was undertaken using RNA
interference. One hundred primary transgenic lines were established based on the
presence of the selectable marker. Using lectin-based assays, two lines showed
considerable suppression of fucosylation and xylosylation with a 55% and 44%
reduction compared to the untransformed control respectively, while most showed no
suppression. The large number of lines recovered that possessed the selectable marker
yet no knockdown led to the suggestion that there may have been incomplete T-DNA
transfer as the selectable marker was place proximal to the left border of the T-DNA.
Finally, the low efficiency of silencing with RNAi is suggested to be due to the absence
of an intron sequence within the RNAi vector. Nevertheless, the two knockdown lines
that were produced serve as a basal platform upon which further modifications can be
made to achieve a plant line with complete suppression of fucosylation and xylosylation
suitable for human mAb production.
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3.2 Introduction
Plants are a viable alternative platform to mammalian cell cultures for the
production of therapeutic monoclonal antibodies (mAb) primarily due to their scalability
and cost effectiveness (Villani et al., 2009). However, differences between the Nglycosylation of plants and mammals currently limit the ability to utilize plants for mAb
production.
N-glycosylation of mAb describes a post-translational modification wherein glycans
composed of oligosaccharide chains are enzymatically attached to the ASN297 residue
of the heavy chain (for review of mAb structure see Wang et al. ( 2007)). The sugars
α1,3-fucose (hereafter fucose) and β1,2-xylose (hereafter xylose) are unique to plant Nglycans. Their attachment to the N-glycan is catalyzed by α1,3-fucosyltransferase
(FucT) and β1,2-xylosyltranferase (XylT), respectively. XylT facilitates the transfer of
xylose from uridine diphosphate (UDP)-conjugated xylose onto the core mannose
residue proximal to the peptide in a β1,2 linkage while FucT transfers fucose from
guanosine diphosphate (GDP)-conjugated fucose onto the proximal core Nacetylglucosamine residue in an α1,3 linkage (Figure 4.1) (Freeze and Elbein, 2009a;
Stanley et al., 2009). It should be noted that α1,6 fucosylation can naturally occur in
mammalian glycans, though this reaction is absent in plants (Bosch et al., 2013).

73

Figure 3.1. N-glycans of monoclonal antibodies produced in wildtype Nicotiana benthamiana. β1 ,2-xylose is
attached to the glycan at the mannose proximal to the peptide by β1,2 -xylos yltransferase (β1,2-XylT), while
α1,3-fucose is attached by α1,3-fucosyltransferase (α1,3-FucT) to the N-acetylglucosamine proximal to the
peptide. Adapted from Bosch et al. (2013).

As neither xylose nor fucose is naturally found in mammals, plant-produced
pharmaceuticals carrying these epitopes have the potential to be immunogenic to
mammals. Immunogenicity is a major concern for plant-produced recombinant
pharmaceuticals as the fucose and xylose on the mAb glycans may be recognized by
the recipient‟s immune system as foreign entities and result in the production of
antibodies against these sugars (Malucchi and Bertolotto, 2008). Indeed, the
immunization of rabbits with the xylose and fucose-containing glycoprotein horseradish
peroxidise (HRP) elicited the production of anti-HRP antibodies that showed affinity
towards both xylose and fucose (Faye et al., 1993). Furthermore, xylosylated and
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fucosylated protein drugs have the potential to elicit the production of anti-drugantibodies resulting in a reduction of therapeutic efficiency of the pharmaceutical
(Malucchi and Bertolotto, 2008); such was reported in rabbits immunized with a plantproduced human anti-HIV mAb (Jin et al., 2008) and suggests similar adverse reactions
may occur in humans.
In order to circumvent concerns of immunogenicity, fucosylation and xylosylation
must be prevented in the plant expression system. The silencing of FucT and XylT via
RNA interference (RNAi)(for review of mechanism see Martínez de Alba et al. (2013))
have been shown to significantly reduce the level of fucosylation and xylosylation of
endogenous proteins in multiple plant species: Arabidopsis thaliana (Strasser et al.,
2004), Lemna minor (Cox et al., 2006), alfalfa (Sourrouille et al., 2008), Nicotiana
benthamiana (Strasser et al., 2008), tobacco BY2 cells (Yin et al., 2011), and tomato
(Paulus et al., 2011). Furthermore, recombinant mAb produced in these knockdown
plants have been shown to be void of fucose and xylose, suggesting that these plants
can be used to produce mAb that are non-immunogenic and suitable for human use
(Cox et al., 2006; Strasser et al., 2008). Currently, the ΔFX line of N. benthamiana
showing suppression of xylose and fucose (Strasser et al., 2008) has been used as a
platform for the production of recombinant trastuzumab and anti-HIV antibodies;
however, the commercial use of this line is restricted. Thus, in order to continue the
production of trastuzumab and other mAb, it is imperative that a new knockdown line be
created.
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Here, we report an attempt to suppress α1,3-fucosylation and β1,2-xylosylation in
Nicotiana benthamiana by transforming a RNAi vector that simultaneously targets both
α1,3-fucosyltransferase and β1,2-xylosylatransferase.

3.3 Methods
Vector cloning and Agrobacterium-mediated transformation. The RNAi cassette
was prepared by Dr. Frey Garabagi and Dr. Wing-Fai Cheung using a 528 base pair
fragment from FucT of Nicotiana sylvestris and a 590 base pair fragment from XylT of
N. tomentosiformis. The two consecutive sense fragments were separated from their
anti-sense analogue using a 590 base pair fragment again from XylT. The resultant
cassette was cloned into a modified pBIN19 vector driven by a double-enhancer
cauliflower mosaic virus 35S promoter and terminator using a SacI restriction site. The
two resultant vectors pBINFXXF-1 and pBINFXXF-3 (Figure 4.2) which differed in the
orientation of RNAi fragment were transformed into wild type Nicotiana benthamiana via
Agrobacterium-mediated transformation. Young fully expanded leaves from three-weekold greenhouse grown plants were harvested for transformation. Leaf tissue was
surface sterilized by immersion in 10% bleach solution with a drop of Tween20 for 30
seconds followed by three five-minute rinses in sterile water. Bleached plant tissue was
removed and discarded. Explant excision and Agrobacterium-mediated transformation
proceeded following the methods outlined in Chapter 2 and was repeated twice for each
vector.
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B

Figure 3.2. Simplified, condensed vector maps showing the T-DNA regions of the two RNAi vectors. Visual
representation of the two RNAi vectors used to silence the expression of α1,3-fucosyltransferase (FucT in
this Figure) and β1,2-xylos yltranferase (XylT in this Figure). Two vectors were used. (A) is the pBINFXXF-1
vector, while B) is the pBINFXXF-3 vector. The difference between the two vectors lies in the orientation of
the space sequence (XylT spacer). The selectable marker (nptII) is proximal to the right border (RB) while the
RNAi cassette is proximal to the left border (LB). For full vector map see appendix.

Primary transgenic lines were named in the following manner: the letter A or B
was assigned to denote whether the line was regenerated in the first or second
transformation; followed by the number 1 to denote the pBINFXXF-1 in the positive
orientation, or 3, to denote pBINFXXF-3 in the negative orientation. Two numbers were
then assigned to indicate the line number, and reflect the order in which the shoots were
regenerated. A final letter was assigned if more than a single shoot appeared to
regenerate from the same transformation event. All lines that rooted on selection
medium containing 200 mg/L kanamycin were analyzed for xylose and fucose
knockdown.
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Anti-horseradish peroxidase-enzyme-linked immunosorbant assay. A modified
ELISA protocol from Chapter 2 was used to screen primary transgenic lines for
xylosylation and fucosylation of their total soluble proteins (TSP). TSP was extracted as
described in Chapter 2 from the youngest leaves of each line grown in tissue culture.
The following modifications to the ELISA protocol were made: i) 4% v/w skim milk (Emd
Millipore Corp.) dissolved in Tris-buffered saline with 0.05% Tween20 (TB ST) was used
as the blocking agent, ii) the primary antibody used was rabbit-anti-horseradish
peroxidase antibody (rabbit-anti-HRP Ab) (Jackson ImmunoResearch Laboratories
Inc.), an antibody that has affinity to α1,3-fucose and β1,2-xylose, diluted 1:2000 times
in skim milk, iii) the secondary antibody used was HRP conjugated goat -anti-rabbit
antibody (HRP:GαR Ab) (Jackson ImmunoResearch Laboratories Inc.) diluted 1:5000
times in skim milk, and iv) the development time was ten minutes. Each line was
screened once with four to six technical replicates. The ΔFX N. benthamiana with
suppressed β1,2-xylosylation and α1,3-fucosylation served as a positive control, while
the wildtype N. benthamiana served as a negative control. To minimize variation
between the positive and negative controls across multiple screenings, tissue was
harvested from the leaves of plants at the five-leaf stage.
Statistical analyses. All means comparisons were conducted using Tukey‟s test at
α=0.05 with SAS9.3 (SAS Institute, Cary, NC). All segregation analyses using Χ 2 at
α=0.05 were calculated with SAS9.3 (SAS Institute, Cary, NC).
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3.4 Results
A total of 100 primary transgenic lines were recovered; 41 primary transgenics
transformed with pBINFXXF-1 were recovered and 59 were recovered from the
transformation with pBINFXXF-3. Plant regeneration in the transformation using
pBINFXXF-3 was more rapid compared to transformation with pBINFXXF-1 (data not
shown). Resistance to kanamycin was assumed to indicate success of the
transformation. All recovered primary transgenic lines rooted well on selection medium.
Variable degrees of knockdown efficiency of α1,3 -fucosylation and β1,2-xylosylation
were observed between the primary transgenic lines (Figure 4.3). Superior growth in
the ΔFX compared to the wildtype N. benthamiana line was observed as ΔFX plants
reached the five-leaf stage in two weeks whereas the wildtype plants required four
weeks under the same cultural conditions. No differences were observed in the
silencing efficiency between the two vector orientations. The ΔFX positive control
consistently showed an approximately 90% reduction in β1,2 -xylosylation and α1,3fucosylation compared to the wildtype negative control. Two lines, B3-13-B and B3-22-A
demonstrated the greatest knockdowns with better than 40% reduction compared to the
untransformed control; the former showed a 55% reduction of xylosylation and
fucosylation while the latter showed a 44% reduction. These two lines were selected for
further characterization. When the two aforementioned lines were transferred to and
grown in soil, neither lines showed abnormal floral phenotype, although some reduction
in seed set was observed.
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Absorbance relative to wildtype
Figure 3.3. Anti-Horseradish peroxidase-ELISA screening of primary transgenic lines. Varying degrees of
knockdown of xylosylation and fucosylation were observed across primary transgenic lines as screened by
anti-HRP-ELISA. The red line indicates the arbitrary 40% suppression threshold that was set. dFX is the Δ FX
line from Strasser et al. (2008) and used as a positive control. WT is the untransformed wildtype negative
control. ZL-20 is another RNAi knockdown line produced by Zach LeBlanc (PlantForm Corp.) showing partial
knockdown and was used for comparison. Bars represent the average of four to six technical replicates
normalized to the untransformed wildtype negative control.
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3.5 Discussion
The suppression of α1,3-fucosylation and β1,2-xylosylation are the first
glycomodifications required to make plants amenable for the production of clinically
usable recombinant therapeutic proteins. By using a single hairpin construct to
simultaneously target FucT and XylT, an approach previously proven to be successful
by Cox et al. (2006) and Yin et al. (2011) in duckweed and tobacco BY2 cells,
respectively, it was possible to reduce the time required to generate the knockdown line
compared to the earlier approach taken by Strasser et al. (2008) to generate the ΔFX
line, where homozygous lines for individual RNAi vectors singly targeting FucT or XylT
were produced and crossed; progeny homozygous for both RNAi vectors were then
identified. However, out of 100 T0 plants, only 2 plants with greater than 40%
knockdown were achieved and these had a lack of vigour.
A difference in the growth rate between the ΔFX line and the wildtype N.
benthamiana was observed when harvesting control tissues. The ΔFX line reached the
five-leaf stage in approximately two weeks, while the wildtype line required four week
before reaching the same developmental stage despite being grown under the same
conditions. The vigour of the ΔFX line may be derived from the crossing of its two
parental lines (Strasser et al., 2008). Hybrid vigour has been previously observed in the
progeny of transgenic plants as well as backcrosses with their untransformed parent
(Micallef et al., 1995; Dong et al., 2007). Despite this added vigour, comparison of the
shoot regeneration rate from leaf disc explants between the ΔFX line and the wild type
showed no significant difference in regeneration capability (data not shown).
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Although RNAi is a powerful tool for the targeted silencing of desired genes,
complete gene silencing is seldom reported. Ambiguity exists as to the degree of
residual FucT and XylT activity in the ΔFX line. The wild type N. benthamiana served as
a negative control, and the ΔFX line served as a positive control during the all
screenings of the 100 primary transgenic lines. Consistently, the ΔFX line showed an
approximately 90% reduction in TSP xylosylation and fucosylation realtive to the wild
type (Figure 4.3). Although Strasser et al. (2008) reported significant, but non-complete
reduction of fucosylation and xylosylation of the ΔFX line based on TSP screening,
xylose and fucose were not detected in the anti-HIV mAb 2G12 that was transiently
expressed in this line. This suggests that the fucosylation and xylosylation abilities of
the plant host do not need to be completely suppressed in order for the plant to be
suitable for mAb production use. It may be speculated that this incongruity between
endogenous protein and recombinant mAb fucosylation and xylosylation may be
attributed to the structure of the latter. Monoclonal antibodies have a single Nglycosylation site on the ASN297 residue of the heavy chain constant region. This site is
relatively sheltered and may effectively limit access to the glycan by FucT and XylT for
modification (Sourrouille et al., 2008). In the future, N-glycan profiles may be compared
between full mAb and just the heavy chain peptide expressed in unglycomodified
wildtype N. benthamiana to corroborate this speculation. Interestingly, when
recombinant butyrylcholinesterase, a molecule with the potential to be used as an
antidote to nerve agents and which has nine N-glycosylation sites, was transiently
expressed in the ΔFX line, mass spectrometry results indicated neither detectable
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fucosylated nor xylosylated glycans on the protein (Schneider et al., 2014). This further
suggests that N-glycosylation efficiency of recombinant proteins expressed in plants
may not be as efficient as endogenous plant proteins, and that there may be no need
for a plant host with complete knockdown of xylosylation and fucosylation.
Homozygosity of RNAi vector to increase silencing. A range in the knockdown
phenotype was observed and can be attributed to the location of the vector integration
into the plant genome. Previous work found no correlation between the copy number of
RNAi sequences and the efficiency of gene silencing (Travella et al., 2006).
Furthermore, it has been reported that multiple copies of a n RNAi cassette in
Arabidopsis thaliana did not increase gene silencing beyond that of plants with only a
single RNAi cassette copy (Wang et al., 2005). In our work, the two lines that
possessed the strongest knockdown of fucosylation and xylosylation showed
approximately 55% and 44% reduction of both sugars relative to the untransformed
wildtype control. This reduction represents the level of suppression conferred in the
hemizygous state. By advancing the two primary transgenic lines to homozygosity, it
may be possible to increase the level of FucT and XylT suppression. Additive
inheritance of RNAi sequences have been previously reported in wheat (Travella et al.,
2006) and Arabidopsis thaliana (Li et al., 2012). Upon advancing wheat transformed
with a RNAi vector to homozygosity, a doubling in the amount of detected small
interfering RNA and a corresponding reduction in mRNA was observed (Travella et al.,
2006). Thus, by advancing the two best knockdown lines recovered, it may be possible
to achieve plants with near complete suppression of fucosylation and xylosylation.
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Intron to increase RNAi efficiency . A second possible approach to increasing RNAi
efficiency is the inclusion of an intron sequence within the hairpin loop sequence. The
inclusion of an intron inside the RNAi vector not only resulted in a transformation
efficiency beyond 90%, but the degree of gene silencing nearly doubled compared to
plants transformed with a RNAi vector lacking an intron (Smith et al., 2000; Wesley et
al., 2001). Classical intron-free RNAi vectors showed a silencing efficiency of 55% when
transformed into rice (Wesley et al., 2001), while an efficiency of approximately 60%
was observed for Nicotiana tabacum (Smith et al., 2000). The upper limit of gene
silencing observed in our best silenced N. benthamiana primary transgenic lines are in
line with that reported in the aforementioned works. When applied to other models such
as Drosophila melanogaster, intron-containing RNAi vectors continued to prove
extremely efficient for inducing gene silencing (Lee and Carthew, 2003). Enhanced
gene silencing by intron-containing RNAi vectors has been suggested to be a result of
the endogenous intron-splicing mechanism of the plant facilitating the formation of the
double stranded RNA stem (Smith et al., 2000). Furthermore, the inclusion of an intron
between the inverted sequences of the RNAi vector may confer stability to the DNA
thereby allowing for easy manipulation and cloning (Wesley et al., 2001).
Premature termination of T-DNA transfer. A third strategy to produce RNAi
knockdown lines with sufficient silencing strives to increase the transformation efficiency
rather than the direct expression of the RNAi vector. In this approach, large numbers of
successful knockdown lines may be created accounting for the position effect of
transgene insertion on the expression of the RNAi vector and subsequent gene84

silencing. Of the total population of primary transgenic lines created, every line
demonstrated resistance to kanamycin. It is assumed that the kanamycin resistant
selectable marker is transferred simultaneously with the RNAi vector into the plant, thus
inferring that all kanamycin resista nt lines possess the RNAi vector. Despite all primary
transgenic lines being kanamycin resistant, most lines show minimal to no silencing of
fucosylation and xylosylation. This observation may suggest incomplete transfer of the
whole T-DNA leading to only the selectable marker being transferred. In the two vectors
that were used for transformation, the kanamycin resistance selectable marker was
located proximal to the left border sequence.
It is well known that the transfer of T-DNA from Agrobacterium tumefaciens to
the plant cell occurs in a unidirectional manner starting from the right border (Zambryski
et al., 1989). The sequence responsible for T-DNA transfer had been identified by Wang
et al. (1984) as a 25 base pair sequence located in the right border. Premature
termination of T-DNA transfer from Agrobacterium into the plant cell results in the
transfer of incomplete T-DNA lacking the left end (Reiss et al., 1994) and has been
reported in the Agrobacterium-mediated transformation of various plant species such
as Pinus radiata (Dale, 2004), wheat (Wu et al., 2007), and tobacco (Hamilton et al.,
1996). Furthermore, in transgenic Nicotiana tabacum plants regenerated from leaf
tissue, 30% of lines were found to contain incomplete or rearranged transgene
sequences (Spielmann and Simpson, 1986) suggesting that the transfer of incomplete
T-DNA sequences is not uncommon. Therefore, in future experiments, the selectab le
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marker sequence should be placed at the left border end of the T-DNA to mitigate
incomplete T-DNA transfer.
In this work, an attempt was made to suppress endogenous α1,3-fucosylation and
β1,2-xylosylation in Nicotiana benthamiana to create a new plant line lacking
immunogenic N-glycosylation suitable for mAb production that could replace the ΔFX
that is currently being used. Of the entire population of primary transgenic lines
regenerated, only two lines showed significant silencing of fucosylation and xylosylation
despite all lines demonstrating kanamycin resistance. This may be attributed to
premature termination of T-DNA transfer resulting in the transfer of the selectable
marker without the RNAi sequence. The overall low efficiency of silencing obser ved in
the primary transgenic population may be increased by the inclusion of an intron within
the RNAi hairpin. Also, in plants that show some knockdown, advancing these plants to
homozygosity may increase the levels of observed gene silencing. Finally, following the
production of N. benthamiana lines lacking immunogenic N-glycosylation, additional
human-specific N-glycosylation processes may be incorporated to allow for the
production of recombinant mAb and other therapeutic proteins requiring additional Nglycosylation such as galactosylation and sialylation (Bosch et al., 2013).
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4 CHAPTER 4: Constitutive expression of human β1,4galactosyltransferase in Nicotiana benthamiana confers protein
galactosylation and the simultaneous inhibition of plant-specific
N-glycan core fucosylation and xylosylation

4.1 Abstract
Although plants have been proposed as an economical alternative platform for the
production of therapeutic monoclonal antibodies (mAb), the adoption of plant-based
mAb-production systems has been hindered by the incorporation of human
immunogenic sugars xylose and fucose during N-glycosylation by plant-endogenous
glycosyltransferases. The use of plant-based systems for mAb production requires the
humanization of the plant N-glycosylation pathway by first precluding β1,2-xylosylation
and α1,3-fucosylation, followed by the addition of β1,4-galactosylation. To attain the
goal of humanized N-glycosylation in Nicotiana benthamiana, a plant species often used
for recombinant protein production, a novel approach was taken by stably transforming
a chimeric human β1,4-galactosyltransferase coding sequence (CDS) with the
localization signal of sialyltransferase (STGalT) into the wildtype plant. A single line
(WThGalT01) was generated that showed strong galactosylation with synchronous
near-elimination of xylosylation and fucosylation. Despite this success, significant
disruption to the floral morphology of the plant was observed; however, the line
demonstrates proof-of-concept for the indirect control of N-glycosylation, likely due to
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differential localization of glycotransferases. Furthermore, our results corroborate the
notion that Golgi localization may be conserved across eukaryotic kingdoms and the
importance of sequential processing in the conveyor belt model for N-glycosylation.

4.2 Introduction
N-glycosylation, a form of post-translational modification wherein glycans
composed of various monosaccharides are enzymatically attached to an asparagine
residue on a nascent peptide, is crucial for the function and efficacy of protein
therapeutics (Bosch et al., 2013). The innate α1,3-fucosylation and β1,2-xylosylation of
plant proteins during N-glycosylation renders them immunogenic to humans.
Recombinant monoclonal antibodies (mAb) that show comparable, if not improved in
vitro efficacy to their mammalian cell culture analogues have been successfully
produced using plants (Strasser et al., 2009; Komarova et al., 2011) lending creditability
to the use of plant-based production systems for recombinant pharmaceuticals
production. Initially, endogenous xylosylation and fucosylation of plant-produced
recombinant proteins rendered them unsuitable for clinical use; however, recent
advances in the past decade have led to the production of plants whose endogenous
fucosylation and xylosylation were suppressed, the first step towards the humanization
of the plant N-glycosylation pathway (Bakker et al., 2006; Sourrouille et al., 2008;
Strasser et al., 2008). The development of novel plant lines with humanized Nglycosylation is required for the freedom-to-operate commercial in planta recombinant
mAb production.
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In this respect, an attempt was made to silence FucT and XylT using RNA
interference and resulted in a maximum 55% suppression (Chapter three). This limited
success was attributed to flaws in the design of the RNAi construct. To generate a N.
benthamiana line with near complete suppression of fucosylation and xylosylation,
alternative silencing approaches needed to be considered. The overexpression of
human β1,4-galactosyltransferase (hGalT) is capable of downregulating fucosylation
and xylosylation to non-detectable levels in tobacco (Nicotiana tabacum) and alfalfa
(Medicago sativa) (Bakker et al., 2006; Sourrouille et al., 2008). The ability of hGalT to
suppress native plant N-glycan core fucosylation and xylosylation provides for a
potentially time saving approach towards the production of a plant line with nearcomplete human N-glycosylation suitable for using to produce clinically useable mAb.
Most importantly, the overexpression of hGalT for the purpose of suppressing
fucosylation and xylosylation in N. benthamiana has not been previously been reported
in the literature. Thus, the objective of this study was to validate the ability of hGalT to
suppress fucosylation and xylosylation in N. benthamiana by generating stable hGalT
expressing N. benthamiana lines.
Here, we report the successful suppression of core xylosylation and fucosylation
by the overexpression of hGalT in N. benthamiana. Finally, we propose and present
evidence that the suppressive action of hGalT is due to differential subcellular
localization of the enzyme to the Golgi.
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4.3 Methods
Plant, vector, and transformation. Agrobacterium tumefaciens „AT542‟ carrying the
p105T-GalT-pat vector was used (for description and vector map see Chapter 2).
Nicotiana benthamiana leaf tissue was surface sterilized in 10% bleach following the
procedure in Chapter 3, and Agrobacterium-mediated transformation was performed
according to the protocol in Chapter 2.
Anti-HRP-ELISA. Primary transgenic lines that rooted on selection medium were
screened with anti-HRP-ELISA following the protocol outlined in Chapter 3. A single T0
individual, WtNBhGalT01, showing significant suppression of fucosylation and
xylosylation was further analysed.
Anti-HRP Western blot and RCA Western blot. An anti-HRP (horseradish peroxidise)
Western blot was used to confirm the knockdown of fucosylation and xylosylation of
WtNBhGalT01. Total soluble protein (TSP) was extracted as outlined in Chapter two.
Ten micrograms of TSP resolved under reducing conditions on a 10% gel using SDSPAGE were blotted onto a polyvinylidene fluoride membrane using standard Western
blotting protocol. The membrane was blocked overnight in 4% skim milk (EMD Milipore)
reconstituted in Tris-buffered saline buffer with 0.05% Tween 20 (TBST) at 4 oC. Rabbitanti-HRP antibody served as the primary antibody, and HRP conjugated goat -anti-rabbit
antibody served as the secondary antibody. The blot was developed using ECL Pico
Chemiluminescent substrate (Thermo Scientific) and exposed to film for one minute.
RCA Western blot was used to confirm galactosylation. TSP was extracted as described
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previously and the RCA Western blot was performed following the method outlined in
Chapter two.
Self-pollination and back crosses of WtNBhGalT01 line. Self-pollination was
facilitated by the removal of leaves and open flowers from the inflorescence and
subsequent bagging of the inflorescence as described in Chapter 2. The kanamycin
resistance selectable marker in the T1 generation was evaluated by plating the seeds
onto selection medium containing 10 mg/L phosphinothricin. Segregation for kanamycin
resistance was tested for Mendelian segregation of a single simple dominant trait (3
resistant : 1 susceptible) by chi square analysis (α = 0.05). Seventeen kanamycinresistant T1 plants were transferred to soil and grown in a controlled environment growth
room (soil and growth room parameters outlines in Chapter 2). The continued
suppression of fucosylation and xylosylation of all seventeen T1 plants was confirmed
by anti-HRP-ELISA and galactosylation function was confirmed with RCA-ELISA as
described in Chapter 2. The plants were bagged to self-pollinate and manually selfpollinated. After failing to produce self-pollinated T2 seed, reciprocal crosses between
10 T1 individuals and the untransformed wildtype species were attempted. Crosses
were performed in the afternoon before the flowers opened in the evening. Flower buds
that were going to open the same evening and showing colour were selected for
crossing. The inflorescence of the female parent was prepared by removing all cauline
leaves, open flowers, and axillary buds. Jeweller‟s fine forceps were used to emasculate
the female parent by removing the top 5-7 mm of the bud corolla along with the five
anthers to expose the stigma. Pollen was applied by touching a pollen-bearing anther
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from the male parent to the stigma of the emasculated flower. The cross was covered
with a pollination bag (Crawford Provincial) and monitored daily.
Statistical analyses. All means comparisons were conducted using Tukey‟s test at
α=0.05 with SAS9.3 (SAS Institute, Cary, NC).

4.4 Results
Plant transformation. Seventy-four primary transgenic (T0) lines were generated and
all lines demonstrated resistance to kanamycin after repeated subculturing.
Anti-HRP-ELISA. Sixty-two T0 lines were screened with anti-HRP-ELISA to evaluate
the suppression of fucosylation and xylosylation (Figure 5.1). Serendipitously, the first
line to be screen, WtNBhGalT01, showed considerable knockdown of FucT and XylT
that was comparable to that of the ΔFX line positive control. A second line,
WtNBhGalT39 showed an approximately 50% reduction compared to the untransformed
wildtype species. All remaining sixty T0 lines showed minimal to no suppression of
fucosylation and xylosylation.
Anti-HRP Western blot and RCA Western blot. The absence of fucosylation and
xylosylation in WtNBhGalT01 was confirmed by anti-HRP Western blot (Figure 5.2).
The lane containing TSP from WtNBhGalT01 showed no signal similar to the ΔFX
positive control. Other lines that showed no knockdown using anti-HRP-ELISA showed
strong signal in the anti-HRP Western blot. Galactosylation of TSP was observed in all
the T0 lines screened with RCA Western blot (Figure 5.1). No galactosylation was
evident in the untransformed wildtype species.
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Absorbance relative to Wildtype
Figure 4.1. Screening of primary transgenic hGa lT-expressing lines with anti-horseradish peroxidaseenzyme-linked immunosorbant assay to detect β1,2-xylos ylation and α1,3-fucosylation in leaf total soluble
protein. Variable levels of suppression of fucosylation and xylosylation were observed across primary
transgenic lines. Bars represent the average of four to five technical replicates normalized to the
untransformed wildtype. WT refers to the untransformed wildtype Nicotiana benthamiana used as a negative
control; dFX refers to the positive control Δ FX line of Strasser et al. (2008) with suppressed xylosylation and
fucosylation.

Self-pollination and back crosses of primary transgenic line. No difference in
growth vigour was observed between the primary transgenic lines and the
untransformed species in tissue culture. The T0 plant in soil exhibited slight floral
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Figure 4.2. Western blotting of leaf total soluble prote in demonstrated β1,4-galactosylation activity and the
absence of both α1,3-fucose and β1 ,2-xylose. Ten micrograms of total soluble protein was resolved per lane.
Resolved proteins were transferred a polyvinyldiene membrane and (A)probed with anti-horseradishperoxidase antibody to detect α1,3-fucose and β1,2-xylose or (B) probed with Ricinus communis agglutinin
to detect β1,4-galactosylation.. Lanes are as follows: 1, WThGalT01; 2., WThGalT08; 3, WThGalT09 ; 4,
WThGalT10; 5 and 6, Δ FX Nicotiana benthamiana (Strasser et al., 2008) with near-elimination of α1,3fucosylation and β1,2-xylosylation; 7 and 8, untransformed wildtype Nicotiana benthamiana. The selected
WThGalT01 primary transgenic line demonstrated strong galactosylation activity and complete elimination of
fucosylation and xylosylation similar to the ΔFX line.

abnormalities whereby a significantly reduced corolla without anthers was observed.
Self-pollinated T1 seeds were successfully produced both in tissue culture and in soilgrown plant despite noticing smaller quantities of pollen present on the anthers.
Segregation for kanamycin resistance did not follow the expected segregation for a
simple dominant Mendelian trait (p < 0.05); of the 202 seeds that germinated, 113
seedlings were phosphinothricin-resistant, while 89 were phosphinothricin-susceptible.
Seventeen kanamycin-resistant T1 plants were transferred to soil and normal vegetative
growth was observed. Anti-HRP-ELISA demonstrated that all seventeen tested T1
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individuals showed continued suppression of fucosylation and xylosylation comparable
to the ΔFX positive control (Figure 5.3). Additional analysis with RCA-ELISA
demonstrated the galactosylation ability of the seventeen plants (Figure 5.3). The
abnormal flower phenotype observed in the T0 was exacerbated in the T1 individuals: all
flowers were abnormal, lacking corollas and anthers, however morphologically normal
flowers with very little pollen were periodically produced. Self-pollination either by
bagging or by manual pollination yielded no seed. Reciprocal crosses between the T1
plants with the untransformed wildtype also proved futile as no seeds were produced.

4.5 Discussion
The humanization of the native plant N-glycosylation pathway is a crucial step
towards the adoption of plant-based systems for the large-scale production of human
protein therapeutics. By the simultaneous suppression of both fucosylation and
xylosylation and the addition of human galactosylation, a plant line can be generated
that can be used to produce recombinant proteins with huma n N-glycosylation patterns
that are suitable for clinical use.
Non-genetic suppression of fucosylation and xylosylation. Previous work has
demonstrated that the overexpression of hGalT did not alter the expression of
endogenous FucT and XylT despite observing significant reduction of fucosylation and
xylosylation on total soluble proteins produced in these plants ; the levels of FucT and
XylT mRNA detected in the xylose and fucose knockdown plants were similar to the
wildtype (Bakker et al., 2006). The concomitant reduction of fucosylation and
xylosylation with the overexpression of hGalT was only observed when a chimeric
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Figure 4.3. Screening of 17 phosphinothricin-resistant T1 WThGalT1 individuals demonstrated continued β1,4
galactosylation activity and simultane ous absence of β1,2-xylose and α1,3-fucose in leaf total soluble protein
using enzyme-linked immunosorbant assays (ELISA) . (A) An ELISA with anti-horseradish peroxidase was
used to detect β1,2-xylose and α1,3-fucose, while (B) ELISA with Ricinus communis agglutinin was used to
detect β1,4 galactosylation. Δ FX refers to the Δ FX Nicotiana benthamiana line (Strasser et al., 2008) with
near-elimination of α1,3-fucosylation and β1,2-xylosylation and WT refers to the untransformed wildtype N.
benthamiana. Bars represent the average of three to four technical replicates normalized to the
untransformed wildtype control. Error bars indicate standard de viation.

hGalT (XTGalT) bearing the CTS (cytoplasmic tail-transmembrane domain-stem) region
of Arabidopsis thaliana xylosyltranferase (AtXylT) was used for transformation into
Nicotiana tabacum (Bakker et al., 2006) and not when the entire native hGalT sequence
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was used (Bakker et al., 2001). The CT (cytoplasmic tail-transmembrane domain)
region of AtXylT has previously been demonstrated to engender retention and
localization to the medial Golgi (Pagny et al., 2003). All glycosyltransferases involved in
N-glycosylation consist of a catalytic domain and a CTS region that aids in Golgi
localization (Strasser, 2009). In the case of hGalT the transmembrane domain was
solely responsible for trans Golgi retention in humans (Dirnberger et al., 2002).
The sequential and subcellular organization of glycosyltransferases in the Nglycosylation pathway is crucial to ensure proper N-glycosylation. Monosaccharides are
sequentially attached to the glycan core as the glycoprotein matures through the
endoplasmic reticulum and Golgi in a manner often compared to a conveyor belt
(Stanley et al., 2009). Aberrations to the order in which monosaccharides are attached
may impede the incorporation of additional sugars likely due to either steric hindrance or
conformational changes to the glycan resulting in inaccessibility to the required
glycosyltransferase (Freeze and Elbein, 2009b). The requirement for proper subcellular
organization and sequential processing of N-glycans can be observed in plantendogenous FucT and XylT. Fucosylated glycans are poor acceptors of xylose likely
due to steric hindrance; however, xylosylation of glycans does not affect their ability to
be fucosylated (Bencúr et al., 2005). This corroborated the findings of Fitchette-Laine et
al. (1994) that XylT is primarily localized to the medial Golgi while FucT is mostly
localized to the trans Golgi, after XylT. In addition, a study on the acceptor specificities
of fucosyltransferase and xylosyltransferase in bean revealed that galactosylated N glycans are poor acceptors of core fucose and xylose (Johnson and Chrispeels, 1987).
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This suggests that if galactosylation was to occur prematurely during N-glycan
maturation (i.e. hGalT is localized and therefore functioning in the cis or medial Golgi
before both FucT and XylT), the resultant glycans would be unable to accept fucose and
xylose from the endogenous plant glycosyltransferases. Furthermore, analysis of the
glycan structures of endogenous proteins in these hGalT-expressing plants would allow
for the identification of where galactosylation occurred as presumably the glycan would
not undergo further maturation after the attachment of galactose. Indeed, the
localization of hGalT appears to dictate its efficacy in suppressing fucosylation and
xylosylation. Human GalT is normally localized to the trans Golgi (Nilsson et al., 1991).
Transformation of the full sequence of hGalT failed to suppress xylosylation and
fucosylation presumably due to localization to the trans Golgi after FucT and XylT
(Bakker et al., 2001). When hGalT was localized to the medial Golgi, a 60% reduction in
xylosylation and fucosylation was observed (Bakker et al., 2006). When hGalT was
localized to the cis Golgi, however, the reduction of xylosylation and fucosylation
increased substantially to 80-90% (Sourrouille et al., 2008).
Taken together, xylosylation and fucosylation were indirectly suppressed by targeting
the hGalT enzyme upstream of FucT and XylT in the Golgi. Furthermore, this supports
the theory that the innate localization signal of glycotransferases may be conserved and
recognized across eukaryotes as suggested by Wee et al. (1998); these localization
signals have the potential to be used to target recombinant proteins to the Golgi for
retention and to improve the homogeneity of N-glycans by forcing all recombinant
proteins through the same glycan maturation pathway.
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In the present work, the localization domain of sialyltransferase (ST) was fused to
the hGalT to form a chimeric hGalT (STGalT) in an attempt to maximize galactosylation
(Sourrouille et al., 2008). Human ST is localized to the trans Golgi and trans Golgi
network after hGalT; as ST catalyzes the addition of sialic acid to a galactose residue,
the glycan must first be galactosylated before the function of ST (Wong et al., 1992;
Stanley, 2011). By localizing hGalT to the trans Golgi or trans Golgi network after FucT
and XylT, neither fucosylation nor xylosylation should be impeded based on the
previous logic. Indeed, we found 73 out of 74 STGalT primary transgenic lines to show
no reduction in fucosylation and xylosylation. Surprisingly, a single line expressing
STGalT (WThGalT01) was found to show non-detectable levels of fucose and xylose,
suggesting that GalT may have bee n mislocalized to earlier Golgi compartments.
Similar to the WThGalT01 line showing reduced fucosylation and xylosylation,
Palacpac et al. (1999) were able to produce a tobacco cell line that showed a 93%
reduction in fucosylation and xylosylation; however, the full length hGalT sequence was
used in place of a chimeric hGalT. Galactosylation in the abovementioned line may
have occurred prior to xylosylation, as in theory, the non-chimeric full length hGalT
should have been localized to the trans Golgi and thus have borne no effect on
upstream glycan processing (Bakker et al., 2001). Mass spectrometry analysis of
endogenous glycans supports this theory as high mannose glycans and glycans with
branched mannose arms were detected, suggesting galactosylation occurred in the cis
and medial Golgi instead of the expected trans Golgi (Palacpac et al., 1999). To further
validate this conclusion would require the use of immunohistological staining for the
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GalT enzyme to determine its subcellular localization, a method successfully employed
to identify the localization of other glycosyltransferases (Yamamoto-Hino et al., 2012).
Three other possible explanations may account for this phenomenon: 1, the insertion of
hGalT may have disrupted a glycotransferase in the early cis Golgi resulting in
precocious termination of glycan processing; 2, the insertion of hGalT may have
disrupted the FucT or XylT locus leading to loss of function of the two enzymes; and 3,
hGalT may have been inserted directly downstream of a Golgi targeting signal that was
more robust than its native signal resulting in localization of hGalT to the earlier Golgi
compartments. All three possibilities rely on the transgene position effects. Although all
three scenarios are speculative at best, the first scenario appears somewhat plausible
given the ffpresence of branched high-mannose glycans identified by mass
spectrometry (Palacpac et al., 1999) suggesting incomplete trimming of the highmannose glycan core in the early cis Golgi (Stanley et al., 2009). Although Bakker et al.
(2001) suggested that differences between the organization o f the Golgi between
cultured cells and whole plants may account for the impetuous action of hGalT
observed in hGalT transformed tobacco cells, this cannot explain the downregulation of
FucT and XylT in our WThGalT01 line.
An alternative explanation for the suppression of FucT and XylT may be
inadvertent competition for precursor monosaccharides. Different glycosyltransferases
may compete for the same substrate and same acceptor moiety (Stanley et al., 2009).
The expression of heterologus hGalT in plants under the control of the 35S promoter
leads to constitutive overexpression of the enzyme and results in a need for galactose
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beyond what is available at normal equilibrium (Schneider et al., 2015). The primary
sugar produced in plants is sucrise arising indirectly from photosynthesis and the
production of other sugars requires interconversion from either uridine diphosphate
(UDP)–glucose or guanidine diphosphate (GDP)-mannose, the latter being a pentose
sugar converted from glucose (Topper and Stentten Jr., 1951; Seifert, 2004).
Interconversion of nucleotide sugars can control glycosylation, as exemplified in the
cyt1 mutant of Arabidopsis thaliana where the impediment of GDP-mannose synthesis
resulted in reduction of fucose and the absence of N-glycosylation (Lukowitz et al.,
2001). GDP-galactose, required for galactosylation via hGalT is converted from GDPmannose which is converted from glucose; GDP-mannose also serves as the
conversion precursor to fucose (Lukowitz et al., 2001; Bar-Peled and O‟Neill, 2011).
Thus, when hGalT is overexpressed, the production of GDP-galactose must be
increased to facilitate galactosylation and may be done so at the expense of GDPfucose synthesis. Similarly, the production of UDP-xylose involves conversion from
UDP-glucuronic acid, which in turn is derived from UDP-glucose (Bar-Peled and O‟Neill,
2011). It is therefore plausible, that the overexpression of hGalT triggers the increased
production of GDP-galactose at the expense of GDP-fucose and UDP-xylose by shifting
of the allocation of the primary glucose pool. To definitively prove this theory would
require the analysis of the composition of the plant sugar pool. Finally, this
interconversion phenomenon may be further exploited for the control of other
glycosyltransferases by means of metabolic engineering: through identifying and
silencing the critical conversion enzymes required for the production of sugar
101

production, it may be possible to eliminate the availability of substrate and effectively
the function of select glycosyltransferases (Woolston et al., 2013). However, this
approach may prove difficult as the same nucleotide sugar is often required for multiple
functions; it may not be possible to completely eliminate the production of xylose, for
example, as it is a critical component of the cell wall, and the activated UDP-xylose is
involved in both cell wall synthesis and N-glycosylation (Bar-Peled and O‟Neill, 2011).
Abnormalities in flowering. The single WtNBhGalT01 line produced mostly
morphologically incomplete flowers that lacked a corolla and anthers in the T1 despite
producing mostly morphologically normal flowers in the T0 individual. The small number
of morphologically normal flowers in combination with the reduced pollen production
may explain the low T1 seed set. The same abnormal floral phenotype observed in this
work mirrors that which was observed from the results of Chapter 2 where the same
hGalT vector was transformed into the ΔFX line. Notable reduction of pollen production
and seed set were observed in the initial primary transgenic line, and such observations
have previously been reported by Bakker et al. (2006) using XTGalT and Nicotiana
tabacum. Interestingly, in his earlier work where the unaltered hGalT enzyme was
transformed into the same wildtype N. tabacum, no mentions of floral abnormalities
were made. The work accomplished in this thesis demonstrated the same coincidence
of abnormal floral phenotype with the use of a chimeric hGalT, albeit the source of the
localization sequence used here is derived from ST and not from XT. Despite observing
this phenomenon, the differential localization of hGalT is most likely not responsible for
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the aberrant flowering phenotype as normal fertile plants were achieved when the ΔFX
line was transformed with the same STGalT.
Recently, Schneider et al. (2015) reported a loss of vigor and delayed
development in a population of N. benthamiana transformed with a similar STGalT
vector, however no mentions of distorted flowering were reported. Previous to their
work, no reports of stunted plant growth have been cited in stable hGalT-expressing
plants, with which our observations are in line. This discrepancy may be due to the
random position effect of the transgene. However, the prevalence of abnormal floral
morphology in hGalT-expressing plants suggests the overexpression of the enzyme
may have inherently disrupted the physiology of the plant which in turn resulted in
aberrations in floral development.
Due to the infertility of the knockdown line, it was not possible to advance the line
to homozygosity. Currently, the only option that allows the continued use of this line
would be to continually produce T1 seed from primary transgenic plants. However, the
ability to maintain the primary transgenic plants indefinitely for seed production is
questionable as we observed that flowering plants gradually lose vigour over time and
that shoots subcultured from flowering N. benthamiana plants in tissue culture simply
continue to produce flowers instead of rooting thus hindering propagation. Once N.
benthamiana becomes reproductive in tissue culture, it is not possible to revert the plant
back to a vegetative state by subcultuing. Once T1 seeds have been harvested, plants
carrying the knockdown will need to be selected by either plating the seeds out on
selection medium then transplanting resistant seedlings, or sowing seed into soil, then
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spraying with phosphinothricin-containing herbicide to select for resistant plants. The
former approach is laborious and may not be feasible on a co mmercial scale, while the
latter would potentially require demonstrating the absence of residual herbicide in the
pharmaceutical product to the regulatory bodies. Nonetheless, these approaches may
be viable options to allow for the continued use of this plant line in the short term and for
bench-scale experiments.
The work presented in this chapter demonstrated that hGalT was successfully
transformed into Nicotiana benthamiana and that it was possible to suppress
xylosylation and fucosylation indirectly by overexpressing hGalT. Results may be in line
with earlier speculations that the localization signal of mammalian glycotransferases are
recognized in plants and can target the enzyme to the proper subcellular compartment
of the Golgi based on the combined detection of both xylose and fucose, and galactose.
In addition, our results may support the conveyor belt model for N-glycosylation where
the order of glycosyltransferases results in the sequential attachment of individual
monosaccharides. From the single WThGalT01 line which showed the concomitant
suppression of xylosylation and fucosylation with hGalT expression, we speculate that
hGalt was localized to earlier Golgi compartments and that this abnormal localization
was a result of transgene position effect. To validate this speculation would involve
confirming the localization of hGalT to the early Golgi by immunocytological staining,
and determining the site of insertion by molecular means.
Despite the sterility of the WThGalT01 line hindering its future development and
use, the successful suppression of fucosylation and xylosylation provides proof-of104

concept support for a potentially useful approach towards the humanization of the plant
N-glycosylation pathway by the removal of immunogenic plant sugars. In the future, the
targeting of two copies of hGalT, one localized to the early Golgi, and one to the trans
Golgi respectively, may ameliorate galactosylation efficiency and simultaneously
preclude the action of both xylosyltransferase and fucosyltransferae from acting during
glycan maturation. Finally, the use of mass spectrometry will assist in determining the
glycan profile of recombinant proteins produced in novel transgenic plant lines with
human N-glycosylation.
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5 CHAPTER 5: Concluding remarks

Plants can be used for the large-scale production of therapeutic monoclonal
antibodies and other therapeutic protein drugs. However, the inability of plants to
perform proper human N-glcosylation reduces their usefulness for recombinant
pharmaceutical production since proper human N-gycosylation is crucial for their clinical
function and efficacy. In this thesis, the N-glycosylation pathway of the plant Nicotiana
benthamiana was humanized by suppressing α1,3-fucosylation and β1,2-xylosylation,
and enabling β1,4-galactosylation to generate a plant-based production system for the
production of clinically usable recombinant monoclonal antibodies. We report the
successful generation of humanized N-glycosylating N. benthamiana lines by the stable
overexpression of a chimeric human β1,4-galactosyltransferase (hGalT) in a ΔFX
mutant produced by Strasser et al. (2008) has little or no xylosylation and fucosylation.
The monoclonal antibody trastuzumab produced in these lines was successfully
galactosylated. Thereafter, the generation of new xylosylation and fucosylation deficient
lines was attempted. In this regard, we made two attempts to suppress xylosylation and
fucosylation. The first attempt made use of RNA interference to target both β1,2xylosylatransferase α1,3-fucosyltransferase for post-transcriptional gene silencing, and
the second attempt was made by the overexpression of hGalT in the wildtype plant, a
phenomenon reported by Palacpac et al. (1999), Bakker et al. (2006), and Sourrouille et
al. (2008) in the literature. Two lines having approximately 50% knockdown of
xylosylation and fucosylation were generated using RNA interference. A single wildtype
106

line overexpressing hGalT showed near-complete elimination of fucosylation and
xylosylation, and the knockdown level was comparable to that of the ΔFX line. Although,
the latter line showed severe floral abnormalities and was not able to be brought to
homozygosity, our success demonstrates a potential novel approach towards the
humanization of plant N-glycosylation.
The preclusion of xylosylation and fucosylation is the first step towards human Nglycosylation in plants. The variable success reported in this thesis and by ot her
researchers using RNA interference and the overexpression of heterologous
glycosyltransferases suggests that these methods may not be robust enough for the
complete suppression of xylosylation and fucosylation. Genome editing, a new and
rapidly developing tool, may allow for the complete elimination of xylosylation and
fucosylation by facilitating the disruption of fucosyltransferase and xylosyltransferase
expression using site-specific nucleases (Belhaj et al., 2015). One of the newest
genome editing technologies is the bacterial clustered regularly interspacesd short
palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9) system, which
makes use of a short RNA guide sequence to direct the cas9 nuclease to the DNA
sequence homologous to the guide RNA; the DNA sequence is then cleaved, effectively
disrupting the gene (Belhaj et al., 2015). The CRISPR/Cas9 system has recently been
reviewed by Belhaj et al. (2015) and has been successfully demonstrated to be effective
in N. benthamiana as proof of concept (Jiang et al., 2013; Li et al., 2013; Bortesi and
Fischer, 2014). Furthermore, the use of CRISPR/Cas9 has been successfully employed
in various crop species such as wheat and rice to confer disease resistance by targeting
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disease-susceptibility genes (Jiang et al., 2013; Wang et al., 2014). Recently,
CRISPR/Cas9 was proven to be efficacious in soybean by successfully inducing
mutations into a putative glucosyltransferase gene (Jacobs et al., 2015). The
CRISPR/Cas9 system shows great potential for disabling the innate plant xylosylation
and fucosylation machinery in N. benthamiana by silencing both xylosyltransferase and
fucosyltransferase.
Aside from optimizing the biochemical and molecular aspects of recombinant
protein expression and N-glycosylation in N. benthamiana, much horticultural research
is required to optimize the growth parameters of this species in controlled environmental
conditions to facilitate commercial-scale plant production. Production guidelines and
recommendations exist for all commercial ornamental and food crops grown under
greenhouse conditions; however, none exist for N. benthamiana, and therefore must be
determined empirically. Fertilizer rate, daily temperature differentials, optimal light
intensity and spectra are among the many crucial aspects of plant production that
require investigation. Unlike cell cultures where growth is predictable and consistent
year round, the rate of plant growth and development is prone to seasonal fluctuations,
especially when grown in a greenhouse setting. Supplemental nutrition and other inputs
may need to be altered seasonally to ensure cropping uniformity throughout the
seasons. Without knowledge of the optimal plant growth conditions, it is not possi ble to
mechanize and automate crop production, a requisite for future large-scale production.
Finally, optimization of the growth of N. benthamiana can be achieved through
breeding means. Growth and developmental characteristics such as leaf area and
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flowering time have the capacity to be improved through breeding. The two accessions
of N. benthamiana currently held by the United State Nicotiana Germplasm collection
have been propagated via self-pollination through many decades and can be
considered inbred lines (pers. comm., J. Nifong, 2015, North Carolina State University).
The two accessions may be crossed to produce a population of hybrids from which
selections can be made for delayed flowering and improved leaf area among other
traits. Furthermore, true wildtype seed may be collected from the field to further
increase the genetic diversity of the cultivated population to allow for continued
improvement of desired traits. Although breeding efforts requires time and will not be
immediately fruitful, the long term benefits of producing superior plant lines suited for
recombinant protein production outweigh the initial time and resource investment
required.
In conclusion, although the technology exists to facilitate the production of
recombinant protein pharmaceuticals in plants, and much work has been accomplished
to humanize the N-glycosylation pathways of plants, additional work on the horticultural
aspects of N. benthamiana production is required before plant-based platform for
recombinant protein pharmaceuticals can be commercialized.
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Appendix

Figure A-1. Full vector map of the p105T-GalT-pat vector. Unique restriction sites are indicated.
Abbreviations are as follows: S35 Promoter, double enhanced Cauliflower mosaic virus 35S promoter; Ga lT,
chimeric human β1,4-galactosyltransferase with transmembrane localization domain from rat α2,6sialyltransferase; HA-tag, human influenza hemagglutinin tag; TTrbc, truncated RuBisCO terminator, T-DNA
RB, transfer-DNA right border; RK2 TFRA, replication initiator protein from the RK2 plasmid; pUC ori, origin
of replication; AmpR, ampicillin resistance; Ori V, origin of replication; T-DNA LB, transfer-DNA left border ;
NOS-T, nopaline synthase terminator; Pat; phosphinothricin acetyltransferase; Nos Promoter, nopaline
synthase promoter; and Hsp81.1, heat shock protein.

125

Figure A-2. Full vector map of the pBINFXXXF vector. Unique restriction sites are indicated. The transfer-DNA
is delineated by the left border (LB) and right border (RB). The RNA interference cassette consists of a
fragment of the Nicotiana sylvestris α1,3-fucosyltransferase (green) and a fragment of the N. tomentosiformis
β1,2-xylosyltransferase (red), and their respective antisense sequence separated by an addition XylT
fragment, and is placed under the control or a double-enhanced cauliflower mosaic virus 35S promoter. The
NPTII sequence encodes neomycin phosphotransferase and confers resistance to kanamycin as a selectable
marker for transformation.
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