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SUMMARY

Agrobacterium tumefaciens is a natural plant pathogen that can cause crown
gall disease by transferring a single-stranded DNA (T-DNA) into host cells. Under
laboratory condition, A. tumefaciens can be induced to transfer T-DNA into a wide
range of other eukaryotic species, including yeast, fungal and mammalian cells. It has
been widely used as a natural genetic engineer in biotechnology. Although bacteria
factors involved in the transformation process have been well characterized, host
factors that facilitate the process remain ambiguous. In this study, Saccharomyces
cerevisiae was used as a model organism to investigate host factors involved in
transformation process due to its small genome size and easy manipulation.

In this study, yeast spliceosome component Bud31p and its associated NineTeen
Complex (NTC) were identified to play important role in Agrobacterium-mediated
transformation (AMT). Interestingly, Bud31p and other NTC core proteins had
opposite effects on AMT. Deletion of yeast BUD31 and SNT309 decreased the
efficiency of Agrobacterium-mediated transformation while deletion of SYF2 increased
the transformation efficiency.

To investigate the role of BUD31 on Agrobacterium-yeast gene transfer, a variety
of approaches were adopted, including molecular genetics, biochemistry and
bio-imaging. Experimental data showed that the decrease of AMT efficiency of bud314
probably attributes to the decrease in the competency to receive
Agrobacterium-delivered T-DNA and virulence protein VirE2. On the other hand,
VirD2 nuclear targeting process and T-DNA integration process were not affected in
bud3iA.

Sequence analysis showed Bud31p protein is highly conserved across eukaryotes.

VII



To reveal the role of BUD31 in AMT, the effect of BUD31 plant homolog on AMT was
investigated. NbBUD31-silencing Nicotiana benthamiana was generated by
virus-induced gene silencing (VIGS). Silencing of NbBUD31 in N. benthamiana did
not affect tumor formation, transient expression and VirE2 delivery. The different
effects of yeast BUD31 gene and its plant homolog on AMT suggested a different
pathway of AMT in natural host plant from the non-natural recipient yeast.

This study is the first to report the involvement of yeast spliceosome component
Bud31p and its associated NineTeen Complex in AMT process. A knockout of BUD31
reduced the competency of yeast cells to receive Agrobacterium-delivered T-DNA and
VIirE2 protein. This paves the way to further study the newly identified host factors in
AMT process and the relationship between T-DNA/virulence protein delivery and

Agrobacterium-mediated transformation efficiency.
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Chapter 1 Introduction

Agrobacterium tumefaciens is a natural plant pathogen which causes tumors in
plants by transferring a single stranded T-DNA molecule from the bacterium into host
cell nucleus. Naturally, A. tumefaciens can only transfer DNA into most dicotyledonous
plants and some of monocotyledonous plants. Under laboratory conditions, A.
tumefaciens can also be induced to transfer T-DNA into a wide range of other
eukaryotic species, such as yeast (Bundock, den Dulk-Ras et al. 1995), fungi (de Groot,
Bundock et al. 1998) and mammalian cells (Relic, Andjelkovic et al. 1998; Kunik,
Tzfira et al. 2001). With the unique capability of genome manipulation for various
species, A. tumefaciens has become an important tool as “genetic engineer” for
transgenic applications in biotechnology.

For a long period of time, Agrobacterium-mediated transformation (AMT) was the
only known case of inter-kingdom DNA transfer in nature. Its DNA transfer process has
been widely studied in a wide range of hosts. The molecular basis of its DNA transfer
process and its complicated transfer mechanism has also been revealed. However, there
are still huge gaps in understanding the communication between different organisms
and investigation of the molecular mechanism of AMT will greatly help to address the
gap.

Although many pathogenic factors involved in the AMT have been characterized,
only few host genes and factors involved in AMT process have been identified, and
much remains unclear. To better understand the sophisticated molecular mechanism of
AMT, there is an urgent need to identify host factors involved in AMT. Saccharomyces
cerevisiae (S. cerevisiae) is an ideal model for such a study for its simplicity, small
genome size and available genome data. Besides, there are many commercial gene

libraries which can facilitate the research. Therefore, S. cerevisiae has been chosen as a



model to study the role of host genes and factors involved in AMT and the underlying
molecular mechanism of AMT.

This chapter aims to give an overview of Agrobacterium tumefaciens, known
mechanisms of Agrobacterium-mediated transformation and the important factors

involved in the transformation.

1.1. Agrobacterium tumefaciens: phytopathogen in genetic applications

A. tumefaciens is a gram-negative soil borne bacteria which belongs to bacterium
kingdom, proteobacteria phylum, alpha proteobacteria class, rhizobiales order and
rhizobiaceae family. It has rod shape with rounded ends, and is about 0.6 pm in
diameter and 1.5-3.0 pm in length. Crown gall disease was firstly reported in 1853 and
Agrobacterium vitis was discovered as the first strain that caused crown gall in grape
(Galloway 1902; Smith and Townsend 1907). Over a few decades, Agrobacterium has
been identified as the natural plant crown-gall disease pathogen of a wide plant species
(140 species of dicotyledonous plants) (Van Larebeke, Engler et al. 1974).

Although A. tumefaciens is harmful to plants due to the genetic disturbance, it has
been historically used to study genetic manipulation for the same reason. White and
Braun demonstrated that persistent tumor-inducing phenotype can be caused by
transient exposure to A. tumefaciens, and therefore they proposed an
Agrobacterium-derived tumor-inducing principle (TIP) (Braun and Mandle 1948). It
was later found by Vanlareb et al. that a large “tumor inducing plasmid” (Ti plasmid)
was responsible for the crown galls formation (Van Larebeke, Engler et al. 1974).
Moreover, the discovery of transferred DNA (T-DNA) in late 1970s, a tumor-inducing
(Ti) plasmid fragment transferred from A. tumefaciens to plant cells, has allowed
further T-DNA modification and Ti plasmid applications (Chilton, Drummond et al.

1977; Depicker, Van Montagu et al. 1978). For example, Zambryski et al. constructed



DNA of interest to the Ti plasmid vector and introduced it into target plant cells, thus
creating first transgenic plant (Zambryski, Joos et al. 1983). Subsequently, more
important crops, such as rice (Chan, Lee et al. 1992; Chan, Chang et al. 1993; Hieli,
Ohta et al. 1994; Toki 1997) and wheat (Cheng, Fry et al. 1997), were transgenically
modified to be antibiotic or herbicide resistance. The successful utilization of A.
tumefaciens as a gene vector to create transgenic plants had made it a powerful tool for
plant improvement and their transgenic varieties are growing worldwide (Valentine
2003). Moreover, the whole genome sequence of one nopaline-type strain A.

tumefaciens C58 has been completed (Gelvin 2009).

1.2. Agrobacterium-mediated gene transfer and molecular basis

For a long period of time, as the only known species capable of inter-kingdom
gene transfer, Agrobacterium tumefaciens had served as an important tool for research
in biotechnology in the past several decades. The unique ability of transferring parts of
its own DNA to the host plant genome has been rarely observed in naturally occurring
horizontal gene transfer, thus make it the basis of its use for transgenesis (Gelvin 2003;
Tzfira and Citovsky 2006).

Agrobacterium-mediated gene transfer is a sophisticated process and involves
complicated molecular systems. Understanding the molecular basis of
Agrobacterium-mediated gene transfer behind the process is of great importance in
utilizing this technology to its greatest extent. It was found that a specialized plasmid,
the tumor-inducing (Ti) plasmid, is required for the transgenesis. Ti plasmid contains
two regions that are essential for DNA transfer to the host cell. The first region is the
transferred DNA (T-DNA) itself (Gelvin 2003; Tzfira and Citovsky 2006). It was
reported that T-DNA contains around 15 genes that are expressed in the transformed

plant cells and lead to the crown-gall disease (Escobar and Dandekar 2003). The



second region contains the virulence (vir) genes which encode most of the bacterial
proteins required for virulence (Zupan and Zambryski 1995).

There are four crucial steps in the transferring of DNA between Agrobacterium
and host cells: 1) Detection of chemical signal: phenolics, sugars or acetosyringone are
released by wounded plant cells and recognized by the Agrobacterium VirA/VirG
two-component system; 2) Cell-cell contact and host attachment of Agrobacterium: a
series of virulence (vir) genes on the tumor inducing (Ti) plasmid are continuously
induced by the activation of VirA/VirG system and thus producing virulence proteins
and one piece of transferred DNA (T-DNA) of the Ti plasmid; 3) T-complex formation
and entry into host plant cell: after attaching to host cells, the single stranded liner
T-DNA and the VirD2 form a T-complex and T-DNA transfer through type 1V secretion
system. A. tumefaciens cells attached to host cells then inject the T-complex to host
cells through a VirD4/VirB type IV secretion system (T4SS); 4) Nuclear targeting and
DNA integration: the injected T-complex targets to host cell nucleus and is integrated

into host genome (Gelvin 2009).

1.2.1. Detection of chemical signal

The infection process starts from the recognition of signals of plant cells by A.
tumefaciens via its cell surface sensors and the response to these signals by optimizing
the activity of its virulence system. The main and first discovered plant signal is the
phenolic compound acetosyringone (AS) (Stachel, An et al. 1985) which was
recognized by bacteria via VirA/VirG two-component system (Stachel, Timmerman et
al. 1986). Other chemical signals, such as sugars and amino acids, were later discovered
(Loake, Ashby et al. 1988).

The detection of such signals will trigger vir gene induction in A. tumefaciens.

From metabolites screening studies for plant cells, it was found that some plant



phenolic compounds and phenolic assemblies, such as hydroxy-acetosyringone and
glycoside derivatives, are strong vir gene inducers (Stachel, An et al. 1985; Bolton,
Nester et al. 1986). On the other hand, when plant phenolic compounds are present at
very low concentration or are absent, some monosaccharaides, such as glucose,
arabinose, galactose, xylose and fructose, may play crucial roles in vir gene induction.
Later, it was proved that the regulation pathway for vir gene induction by phenolics is
different from the pathway induced by sugars, which is mediated by a chromosomal
gene encoded protein ChvE (Cangelosi, Ankenbauer et al. 1990).

In addition, some chemicals emitted by some plant species were found to be
inhibitors of the Agrobacterium virulence. This may explain the importance of

inter-specific variability in resistance to Agrobacterium.

1.2.2. Cell-cell contact and host attachment of Agrobacterium

A close cell-cell contact between the Agrobacterium and the host cells is required
for T-DNA transfer. An agrobacterium mutant with decreased ability to attach to plant
cells has shown reduced virulence (Matthysse 1987). Candidate receptors from both the
host plant and bacterial cell surface were identified to be involved in the attachment
process.

Numerous bacterial candidate receptors have been studied. For example,
extracellular components of the type IV secretion system (T4SS), specifically adhesin
VirB2 and VirB5 were considered as good candidates for interacting with a potential
plant receptor. However, it is still unknown whether these VirB proteins are involved in
the early steps of cell-cell recognition. Furthermore, the available data suggests that the
entire vir region is not essential for bacterial attachment. In another subset of the
Agrobacterium genes, the att region has initially been suspected to mediate attachment

(Matthysse and McMahan 1998). However, later studies showed that the att genes are



not required for virulence (Nair, Liu et al. 2003). Finally, only three bacterial factors,
including chromosome-located chvA, chvB, and exoC genes which are involve in
synthesis of exocellular oligosaccharides, have played unequivocal roles in both
attachment and virulence (Cangelosi, Martinetti et al. 1989; de lannino and Ugalde
1989). Then the host factors that might recognize and bind these exocellular
oligosaccharides of Agrobacterium were studied.

Agrobacterium’s ability to infect fungal and animal cells suggests that a
host-specific receptor is not absolutely required for virulence. A genetic screening for
Arabidopsis resistant to Agrobacterium (rat) mutants lead to the identification of
several plant lines which mutate in genes encoding extracellular proteins that are
potentially involved in bacterial attachment. For example, the rat4 mutant is deficient
in a homolog of cellulose synthase; CSLAY, raising a possibility that modifications of
the plant cell surface by CSLA9 could affect bacterial attachment (Zhu 2003).

Furthermore, the attachment of Agrobacterium to host cell is consolidated by
forming a biofilm where bacteria is embedded at the plant cell surface. Biofilm
formation appears essential for the virulence of most plant-associated bacteria
including Agrobacterium (Tomlinson, Ramey-Hartung et al. 2010). However,
Agrobacterium mutants with disrupted synthesis ability of cellulose and impaired
attachment to plant cells, has shown only slightly diminished tumorigenicity
(Matthysse 1983). Thus, unlike cyclic glucans (de lannino and Ugalde 1989), cellulose
fibrils are not absolutely required for Agrobacterium virulence. Although at the initial
attachment stage, there are no known plant factors that interact with bacterial
exocellular glucans. These glucans might play roles during the attachment
consolidation stage by dictating the structural and chemical properties of the host cell

surface and thus affecting the formation of biofilm.



1.2.3. T-complex formation and entry into host plant cell

The attachment of A. tumefaciens to host cells occurs prior to or concurrently with
the vir gene induction process. Following the vir gene induction, a serial of downstream
events occurs. A linear single-stranded (ss) DNA fragment, the T-DNA or T-strand is
produced by the cleavage of VirD2/VirD1 on the bottom strand (the coding strand) of
T-region (Albright, Yanofsky et al. 1987). In addition to VirD2/VirD1, two other vir
proteins, VirC1l and VirC2 were suggested to be involved in the T-DNA processing
(Toro, Datta et al. 1989). After processing and association with VirD2, the T-strand is
naked and susceptible to nuclease degradation. To prevent nucleolytic degradation, the
ss T-strand is coated with VirE2 to form the T-complex which is composed of the
T-strand DNA containing the 5’-associated VirD2 and coated VirE2 along its length
(Gietl, Koukolikova-Nicola et al. 1987; Zupan and Zambryski 1995).

After proper processing and packaging, agrobacterium T-DNA and protein are
translocated into the host cell. The translocation is mediated by the bacterial T4SS
which composes of the eleven proteins encoded by the virB operon and the virD4 gene.
Agrobacterium T4SS is particularly well studied with its structure and the functions of
its protein components well understood (Christie 2004). Moreover, the sequence of
contacts of the T-DNA transport substrate with different subunits of T4SS has also been
revealed (Cascales and Christie 2004).

Similar to protein translocation by type Il secretion systems (Thanassi, Bliska et
al. 2012), macromolecules translocated by T4SS could be injected directly from the
bacterial to the host cytoplasm through the T-pilus acting as a hollow needle (Kado
2000). Alternatively, the T-pilus may mechanically perforate the host cell wall and
plasma membrane, thus allowing the entry of the transported molecules through a T4SS
transport conduit (Llosa, Gomis-Ruth et al. 2002). The fact that these two possible

modes of macromolecule translocation do not postulate a plant-specific receptor is
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consistent with the Agrobacterium’s ability to transfer macromolecules to a wide
variety of eukaryotic cells, including non-plant hosts (Lacroix, Tzfira et al. 2006).
Aradically different mechanism invoked for the entry of T-DNA into the host cell
relies upon the formation of protein channels in lipidic membrane which composes of
the AgrobacteriumVirE2 protein (Dumas, Duckely et al. 2001). Such channels may
allow the passage of macromolecules through host membrane. In addition, the very
efficient and cooperative binding of VirE2 (Citovsky, Wong et al. 1989) to the T-strand
in the host cell cytoplasm may actively pull the T-DNA molecule out of the T4SS
and/or VirE2 channels without requiring external energy sources (Grange, Duckely et

al. 2008).

1.2.4. Nuclear target and DNA integration

Soon after their entry in the host cell cytoplasm, the VirD2-T-strand complex and
VIirE2 form the mature T-complex in the form of VirD2-ssT-strand-VirE2 which later
has to be transported to host cell nucleus and integrated into host genome (Citovsky,
Zupan et al. 1992). Therefore, T-DNA targeting to the nucleus and its passage through
the nuclear pore represent important steps of the genetic transformation process. The
T-DNA nuclear import is mediated by bacterial effector proteins, VirD2 and VirE2,
associated with the T-DNA and several host proteins that interact with these effectors.

This interaction network is summarized in Figure 1.1 (Lacroix and Citovsky 2013).
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Figure 1.1 Network of interactions between translocated Agrobacterium effectors
and host cell proteins.

VirD2 interacts with the plant importin a, a component of the cellular nuclear
import machinery. There are two nuclear localization signals (NLSs) found within
VirD2, a monopartite amino terminal NLS and a bipartite carboxyl terminal NLS
(Herrera-Estrella, Van Montagu et al. 1990; Howard, Zupan et al. 1992; Tinland,
Koukolikova-Nicola et al. 1992) with only the latter is found to be essential for the
VirD2 nuclear import (Howard, Zupan et al. 1992; Ziemienowicz 2001). In addition,
two other plant proteins interacting with VirD2 might modulate its nuclear localization:
an Arabidopsis cyclophilin that may further assist VirD2 nuclear import (Deng, Chen et
al. 1998) and a tomato type 2C serine/threonine protein phosphatase which is thought to

dephosphorylate VirD2 and thereby inhibits its nuclear import, although the role of



VirD2 phosphorylation in the nuclear import has not been directly demonstrated (Tao,
Rao et al. 2004).

VirE2 nuclear import is more complex and does not interact efficiently with
importin a (Citovsky, Kapelnikov et al. 2004). Rather, it relies on VIrE2 interacting
protein 1 (VIP1). VIP1 binds directly to both VirE2 and importin a and acts as a
molecular adapter between VirE2 and the host nuclear import machinery (Citovsky,
Kapelnikov et al. 2004). Thus, both VirD2 and VirE2 are imported into the host cell
nucleus via the importin a-dependent pathway, VirD2 — directly, and VirE2 — largely by
piggybacking on VIPL1. Interestingly, VirE3, another Agrobacterium virulence protein
translocated into the plant cell, partially mimics the VIP1 function. VirE3 can interact
with both VirE2 and importin a and facilitates the nuclear import of VirE2 (Lacroix,
Vaidya et al. 2005). VirE3 is not absolutely essential for plant genetic transformation by
Agrobacterium, but might compensate for the lack of VIP1-like protein in some plant
species, consistent with its proposed role as a host range factor (Hirooka and Kado
1986).

After its entry into nucleus, T-DNA needs to be integrated into the host genome.
Generally, studies of T-DNA integration in plant, in yeast and in vitro have
demonstrated that integration is largely dependent on the host DNA repair machinery.
However, later studies have shown that besides DNA repair machinery, host proteins
that are mainly involved in chromatin structure or remodeling are important for T-DNA
integration as well.

In general, Agrobacterium might “choose” different cellular pathways to achieve
successful infection, which relies on bacterial or plant factors according to the host

species and/or physiological conditions.
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1.3. Host factors involved in Agrobacterium-mediated gene transfer

Besides plant species, A. tumefaciens can infect a broad range of host species,
including yeast, fungi and mammalian cells under laboratory condition. Moreover, the
current list of host species that can be genetically modified by A. tumefaciens is
growing every day (Gelvin 2003). The host range determination or recognition is a
complex process and involves many factors including bacterial factors and host factors.
To date, a variety of host proteins involved in the AMT process have been identified
through  different approaches, including forward genetic screening, protein
two-hybrid interaction assay, transcriptional profiling and reverse genetic experiments.
In this section, the host factors related to the Agrobacterium-mediated transformation

will be reviewed.

1.3.1. Host factors involved in the cell attachment and virulence factors transfer

In addition to bacterial proteins, some host factors are crucial for the
Agrobacterium-plant cell attachment. Previous work has indicated some plant factors
including vitronectin-like protein (Wagner and Matthysse 1992), a plant surface
proteinaceous substance (Neff and Binns 1985; Neff, Binns et al. 1987) and a
rhicadhesin-binding protein (Swart, Logman et al. 1994), played important roles in
bacterial attachment and Agrobacterium-mediated transformation. In addition, several
Arabidopsis ecotypes, for example B1-1, Petergof and UE-1, showed weak binding
ability to Agrobacterium cells at the early stage of the binding (Nam, Matthysse et al.
1997). It was revealed that some mutants, such as ratl and rat3, with resistance to
Agrobacterium transformation, could not bind A. tumefaciens on the cut root surface
(Nam, Mysore et al. 1999). Arabidopsis arabinogalactan protein, AtAGP17, which is
deficient in ratl and localized to plant cell walls or secreted into the apoplast, was

confirmed to be important for transformation (Gaspar, Nam et al. 2004). Moreover,
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rat4 mutant encoding the cellulose synthase-like protein CsA-09 and ratl0 mutant
encoding a plant cell wall p-expansin were reported to have reduced
Agrobacterium-mediated transformation efficiency (Ziemienowicz, Tinland et al. 2000;
Zhu, Nam et al. 2003).

After the successful attachment to host cells, the Agrobacteria T4SS connects
Agrobacterium cell to host cells and the T4SS itself serves as a transport channel to
facilitate the transport of T-DNA and the relevant vir protein. The T-pilus which
comprises of two virulence proteins (VirB2 and VirB5) may bring the bacterial and host
membranes together for T-DNA and vir protein transport or may be a conduit for
transport (Backert, Fronzes et al. 2008). VirB2, the major component of T-pilus, formed
the body structure (Lai and Kado 1998; Eisenbrandt, Kalkum et al. 1999). The VirB5
IS @ minor component located to the pilus tip (Aly and Baron 2007). As the T-pilus

components, VirB2 and VirB5 are potential targets for host surface receptors.

1.3.2. Host factors involved in nuclear targeting

After entering into plant cytoplasm, the T-complex must transfer through the
cytoplasm and target to the nucleus. Both VirD2 and VirE2 proteins contain nuclear
localization signal (NLS) sequences which are critical for T-complex nuclear targeting.
Deletion of the VirD2 C-terminal bipartite NLS could not completely block the
transformation process (Shurvinton, Hodges et al. 1992). This may be complemented
by the VirE2 which coats the entire ssT-strand. The two VirE2 bipartite NLS sequences
probably help the nuclear targeting of the T-complex even in the absence of VirD2 NLS
(Gelvin 1998). In addition, many host proteins may interact with the T-complex to form
super-T-complexes, which facilitates the T-complex nuclear targeting.

The importin a protein AtKAP« is the first identified plant protein to be involved

in the T-complex nuclear targeting (Ballas and Citovsky 1997). In addition to importin
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a protein family, importin B-like transportins may also be involved in the T-DNA
transfer process (Zhu, Nam et al. 2003).

Besides importin protein families, VIP1 and VIP2, two VirE2 interacting proteins,
were identified in a yeast two hybrid screening for VirE2 binding host proteins (Tzfira,
Vaidya et al. 2001). VIP1 specifically binds to VirE2 but not to VirD2. VirD2 is a
phosphoprotein and the phosphorylation of the T-complexes may play a role in the
nuclear targeting. It was shown that VirD2 binds to a cyclin-dependent
kinase-activating kinase, CAK2Ms (Bako, Umeda et al. 2003). It was also observed
that a type 2C serine/threonine protein phosphatase (PP2C) deficient Arabidopsis
mutant is susceptible to Agrobacterium-mediated transformation (Tao, Rao et al.

2004).

1.3.3. Host factors involved in chromatin targeting and T-DNA integration

Once inside the host nucleus, the T-DNA will be recruited to the host chromatin
and integrate into the host genome. The T-DNA integration into plant genome is
through non-homologous end-joining (NHEJ) process (Offringa, De Groot et al. 1990).
Mutagenesis analysis revealed that in yeast model the NHEJ effector proteins Yku70,
Rad50, Mrell, Xrs2, Lig4 and Sir4 are crucial for the integration of the T-DNA into
yeast genome (van Attikum and Hooykaas 2003). Other than NHNJ proteins, Rad 51
and Rad52 are essential for T-DNA integration by homologous recombination (HR)
(van Attikum, Bundock et al. 2001). Moreover, DNA-packaging proteins, such as
histone proteins, may also be involved in the T-DNA integration process. It was found
that Arabidopsis histone H2A plays a major role in T-DNA integration process in
somatic cells by directing the T-complex to the integration sites (Loyter, Rosenbluh et
al. 2005).

In addition to their role in T-DNA nuclear targeting, VIP1 and VIP2 proteins are
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also important for T-DNA integration. Molecular and genetic data suggested that
T-DNA integration process was blocked in vip2 mutants (Anand, Krichevsky et al.
2007). Because of the importance of histone proteins in T-DNA integration process, the
alteration of histone transcription profile indicates that VIP2 is crucial for regulating

the expression of important genes in Agrobacterium T-DNA integration.

1.4. Objectives of this study

Agrobacterium tumefaciens is a natural plant pathogen which causes tumors in
plants by transferring a single stranded T-DNA molecule from the bacteria into host cell
nucleus. The molecular mechanism of Agrobacterium-mediated transformation has
been studied for many years. Although many pathogenic factors involved in the AMT
have been well characterized, and some host factors have been identified, many aspects
of host factors and genes involved in AMT remain unclear (Gelvin 2010).
Saccharomyces cerevisiae is an ideal model to study the Agrobacterium-mediated
transformation for its small genome size, available genome data and available various
gene libraries. Previous genome-wide screening study has identified more than 200
candidate genes which play potential roles in AMT (Tu 2010).

This study mainly focuses on the investigation of new host factors involved in
AMT and their underlying molecular mechanism by using Saccharomyces cerevisiae
as a model organism. A variety of approaches were employed to study the molecular
mechanism of how host factors regulate the AMT process, including molecular
genetics, biochemistry and bio-imaging. Various aspects of this process, such as
T-DNA delivery, virulence protein translocation, T-DNA trafficking and T-DNA
integration, will be studied. Moreover, this study adopted Nicotiana benthamiana as
plant model to study the role of plant homolog of genes involved in

Agrobacterium-mediated gene transfer.
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Chapter 2. Materials and Methods

2.1. Stains, plasmids, primers and cultures

In this study, the collection of S. cerevisiae haploid deletion strains in BY4741
(MATa his340 leu240 met1540 ura340) (Brachmann, Davies et al. 1998) were
obtained from Open Biosystems. S. cerevisiae were grown in liquid yeast extract
peptone dextrose (YPD) medium, or in synthetic defined (SD) minimal medium with
appropriate amino acid dropout (DO) supplements at 30 <C. Yeast strains were stored in
YPD or SD medium with 20% glycerol at -80 <C.

A. tumefaciens was cultured in mannitol glutamate / Luria (MG/L) (Garfinkel and
Nester 1980), Luria-Bertani (LB) or induction medium (IBPQO,) at 28 <C (Cangelosi,
Best et al. 1991) and E. coli was cultured in LB medium at 37 <C with appropriate
antibiotics (Sambrook, Russell et al. 2001). Bacterial strains were stored in LB or
MG/L with 20% glycerol at -80 <C.

Yeast and bacterial strains used in this study are listed in Table 2.1.

Plasmids used in this study are listed in Table 2.2.

Media and solutions used in this study are listed in Table 2.3. 100pg/ml Ampicillin
(Amp), 50ug/ml Kanamycin (Km) and 100ug/ml cefotaxime (Cef) were supplemented
when necessary.

Primers used in this study are listed in Table 2.4.
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Table 2.1. Bacterial and yeast stains used in this study

Stains Characteristics Source
Saccharomyces cerevisiae
BY4741 MATa his341 leu240 met1540 ura340 Open
Biosystem
corld MATa his341 leu240 met1540 ura340 Open
corl::KanMXx4 Biosystem
MATa his341 leu2A0 met1 540 ura3A0 Open
ade84 ]
ade84::kanMX4 Biosystem
MATa his3A1 leu2A40 met1 540 ura3A0 Open
are24 ]
are24::kanMX4 Biosystem
MATa his341 leu2A40 met1 540 ura3A0 Open
atp14
atpl4::kanMX4 Biosystem
MATa his341 leu2A40 met1 540 ura3A0 Open
bud134 ]
bud134::kanMX4 Biosystem
MATa his3A41 leu2A40 met1 540 ura340 Open
bud314 ]
bud314::kanMX4 Blosystem
MATa his341 leu2A40 met1 540 ura3A0 Open
cdc404 ]
cdc404::kanMX4 Blosystem
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MATa his341 leu2A0 met1540 ura3A40 Open
cefla
cefld::kanMX4 Biosystem
MATa his341 leu2A0 met1540 ura3A40 Open
clfi4 )
cIfLA::kanMX4 Blosystem
MATa his341 leu2A0 met1540 ura3A40 Open
cwcl54 )
cwclb4::kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
cwc214 ]
cwc214::kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura340 Open
cwce274 ]
cwe274::kanMX4 Blosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
did44 ]
did4::kanMX4 Blosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
ecm24
ecm24::kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
gbp24 ,
gbp24::kanMX4 Biosystem
MATa his341 leu2A40 met1540 ura3A0 Open
hek24 )
hek24::kanMX4 Blosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
hrb14 )
Biosystem

hrb14::kanMX4
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MATa his341 leu2A0 met1540 ura340 Open
isyl4 )
isy14::kanMX4 Biosystem
MATa his341 leu2A0 met1540 ura3A40 Open
iwrlA )
iwrid:-kanMX4 Biosystem
MATa his341 leu2A0 met1540 ura340 Open
mam334
mam334::kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
mdh14 )
mdh14::kanMX4 Blosystem
MATa his341 leu2A0 met1540 ura3A0 Open
mfri4
mfrld::kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
mms24 )
mms2.: -kanMX4 Blosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
mrpll74 )
mrpl174::kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
mrpl34 )
mrpl3::kanMX4 Biosystem
MATa his341 leu2A40 met1540 ura3A0 Open
nmd24 )
nmd24::kanMX4 Blosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
ntc204 .
Biosystem

ntc204::kanMX4
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MATa his341 leu2A0 met1540 ura3A40 Open
prpl94
prpl94::kanMX4 Biosystem
MATa his341 leu2A0 met1540 ura340 Open
rpl2b4 )
rpl2b::kanMX4 Biosystem
MATa his341 leu2A0 met1540 ura3A40 Open
rpsl6a4 .
rpsl6a4::kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
rps19b4 .
rps19b4::kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
rps4b4 .
rps4b4::kanMX4 Biosystem
MATa his341 leu2A40 met1540 ura3A0 Open
snt3094 _
snt3094::kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
syf24 .
syf24::kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
tex14 _
tex14::kanMX4 Biosystem
MATa his341 leu2A40 met1540 ura3A0 Open
tho24 ]
tho24::kanMX4 Blosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
thp24
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thp24::kanMX4

MATa his341 leu2A0 met1540 ura3A40 Open
urnlsa ]
urn14::kanMX4 Blosystem
MATa his341 leu2A0 met1540 ura3A40 Open
ypr098cA i
ypr098c4::kanMX4 Biosystem
MATa his341 leu2A0 met1540 ura3A40 Open
rpl35b4 _
rpI35bA:kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
rpslOas i
rpsi10ad::kanMX4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
rpsdb4 :
rps4bA::kanM X4 Biosystem
MATa his3A41 leu2A40 met1540 ura3A0 Open
rpl21b4 ]
rpI21bA:kanMX4 Blosystem
R1158 MATa his3-1 leu2-0 met15-0 URA3:: Open
CMV-TA Biosystem
pPRP19::kanR-tet07-TATA URA3::CMV-tTA Open
prpl9
MATa his3-1 leu2-0 met15-0 Biosystem
pCEF1::kanR-tet07-TATA URA3::CMV-tTA  Open
cefl
MATa his3-1 leu2-0 met15-0 Biosystem
clfl pCLF1::kanR-tet07-TATA URA3::CMV-tTA  Open
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MATa his3-1 leu2-0 met15-0 Biosystem
Escherichia coli
DH5a, endAl hsdR17 supE44 thi-1 recAl gyrA96 Bethesda
relAl (argF-lacZYA) U169 ¢80dlacZ 4M15  Research
Laboratory
Agrobacterium tumefaciens
EHA105 Wild-type, containing pTiBo542, disarmed (Hood, Gelvin
etal. 1993)
EHA105 EHAZL05 derivative, virE2 fused with GFP11  Lab collection
VirE2::GFP11  small fragment at +162
A348 Wild-type chromosomal background of strain  (Sciaky,

C58 and contains pTiA6

Montoya et al.

1978)

21



Table 2.2. Plasmids used in this study

Plasmids Relevant characteristic(s) Source or
reference
pHT101 Binary vector pCB301 derivative, ligated at Sall Lab
site with pACT2, in which the GAL4AD gene is collection
replaced by EGFP reporter gene at Hindll1 site;
KmR, AmpR, 2porigin, LEU2
pHT101-2w pHT101 derivative, 2juorigin of pHT101 destroyed Lab
by double digestion of SnaBl and Nrul collection
pHT105 Yeast expression vector; 2 pLreplicon;ADH1 Lab
promoter, ADH1 terminator; URA3, Amp® collection
pHT105-BUD31  pHT105derivative, expressing yeast BUD31 gene, This study
URA3, Amp®
pHT105-SNT309 pHT105 derivative, expressing yeast SNT309 gene, This study
URA3, Amp®
pHT105-SYF2 pHT105 derivative, expressing yeast SYF2 gene, This study
URA3, Amp®
pHT105-YCR064 pHT105 derivative, expressing yeast putative ORF  This study
C YCRO064C, URA3, Amp®
pHT105-GFP pHT105 derivative, expressing EGFP reporter Lab

gene, URA3, Amp®
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pHT105-BUD31-

pHT105 derivative, expressing BUD31-GFP

This study

GFP fusion protein, URA3, Amp®
pYES2 Yeast expression vector, 2 origin, GAL1 Invitrogen
promoter, CYC1 terminator, URA3, Amp~
pYES2- PYES2 derivative , expressing GFP-VirD2 upon Lab
GEP-virD2 galactose induction collection
pQH303 Binary vector for yeast, URA3 flanked by Lab
homologous arms cloned from LYS2 collection
pQH304 Binary vector for yeast, URA3, 2 origin Lab
collection
pQH121 Derivative from pBI121, with GUS substituted by a Lab
multiple cloning site collection
pQH121-GFP pQH121derivative, expressing GFP This study
0QH121-NbBUD  pQH121 derivative, expressing NbBUD31-GFP 1 1S study
31-GFP fusion protein
0QH121- 0QH121 derivative, expressing GFP -NbBUD31 1 1S study
GFP-NbBUD31  fusion protein
pQH308a Binary vector for plants, nptlil, Kan%, Lab
collection

Pmas::GFP1-10, 35S::DsRed
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Table 2.3. Media and solutions used in this study

Media Preparation (1 L)* Reference
LB Tryptone, 10 g; yeast extract, 5 g; (Sambrook,
NaCl, 10 g; pH 7.5 Russell et al.
2001)
MG/L LB, 500 ml; mannitol, 10 g; g sodium (Cangelosi,

glutamate, 2.32; KH,PO,4, 0.5 g; NaCl, Best et al.
0.2 g; MgSO,. 7H,0, 0.2 g; biotin, 2 1991)

ug; pH 7.0.

IBPO, 20 x AB salts, 50 ml; 20 x AB buffer, 1 (Piers,  Heath

glucose, 18 g in 941 ml RO HyO

(autoclaved separately before mixing

together).

20 x AB salts NH,CI, 20 g; MgSO,. 7H,0, 6 g; KCI, (Cangelosi,

3g; CaCly, 0.2 g; FeSO4. 7TH,0,50 mg. Best et al.

1991)

20 x AB buffer K2HPO,, 60 g; NaH,P0,4,23 g; pH7.0.  (Cangelosi,
Best et al
1991)

0.5M MES MES, 97.6 g; pH5.5. (Cangelosi,

Best et al.
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YPD Difco peptone, 20 g; yeast extract, 10

g; glucose, 20 ¢

SD (broth) Minimal SD base, 26.7 g; appropriate

drop-out supplement

1991)

Clontech user

manual

Clontech user

manual

Cocultivation IBPOyg; histidine,20 mg; leucine 60 mg;

medium (CM) methionine 20 mg; uracil 20 mg.

1/2 x Murashige & Murashige and Skoog basal medium
Skoog (MS) lacking phytohormones, 2.2g; Sucrose,
10g; MES, 0.5g; pH5.8 (0.8% phyto

agar for solid media)

(Piers, Heath et

al. 1996)

(Murashige
and Skoog

1962)

*For solid media, 1.5% agar was added
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Table 2.4. Primers used in this study

Primers

Sequences

Primers used in molecular cloning and regular PCR

BUD31-Kpnl-F

BUD31-Kpnl-R

SNT309-Kpnl-F

SNT309-Kpnl-R

SYF2-Kpnl-F

SYF2-Kpnl-R

YCRO064C-Kpnl-F

YCRO064C-Kpnl-R

pHT106-BUD31-KpnI-R

NbBUD31F-Kpnl-VIGS

NbBUD31R-KpnI-VIGS

G-gk-BamHI-R

G-gk-Kpnl-F

5" GGGGTACCATGCCGCGCATAAAGACCAGAAGAT 3°

5> GGGGTACCTTAGTCTGTGCTTGCACATCCACGG 3’

5> GGGGTACCATGGACGGCCTTAGCTTTGTTGATA 3°

5" GGGGTACCTTATAACCTCTTTCTGTATATTTCC 3°

5" GGGGTACCATGGATTTTTACAAATTAGACGAGA 3’

5> GGGGTACCTTATTCTGATCCTCCTTTTGATTCCCTG

3’

5" GGGGTACCATGTATCTAGAGCGCTGGTGGTGGA 3°

5" GGGGTACCTACAAGACTTAGCACATTTACAACC 3°

5 GGGGTACCCCGTCTGTGCTTGCACATCCACGGC 3°

5 GGGGTACCTGGGAGCTGATTGAGCCTAC 3’

5 GGGGTACCTTGCGATCTGCATAACCTTGTT 3’

5" CGGGATCCTTACTTGTACAGCTCGTCCATGCCG 3’

5" GGGGTACCATGGTGAGCAAGGGCGAGGA 3’
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NbBUD31- Xbal -F

NbBUD31 -Kpnl -F

NbBUD31-Eco53kl- R

5" GCTCTAGAATGCCTAGGGTCAAGACAAATCG 3’

5' GGGGTACCATGCCTAGGGTCAAGACAAAT 3

5'CGAGCTCTTAGTCCCCACTTGCACAGCCTT GA 3

NbBUD31- Kpnl-link-R

NbBUD31-BamHI-link-F

pHT105-F1

pHT105-R1

PQH121-F

pQH121-R

5' GGG GTACCCCCGGGCTGCAGGAAT TCGATAT

CTCGGTCCCCACTTGCACAGCCT TGACAT 3

5' CGGGATCCCGAGATATCGAATTCCTGCAGCCC

GGGATGCCTAGGGTCAAGACAAATCGTA 3

5> TTCCTCGTCATTGTTCTCGT3’

5" GCACAGATGCGTAAGGAGAAAAY’

5" CGTAAGGGATGACGCACAA ¥

5" AGTTGGGTAACGCCAGGGTTT 3’

Primers used in real time PCR

ACT1-RT-F

ACT1-RT-R

BUD31F-RT

BUD31R-RT

UBQ10-F

5’GATGGACCACTTTCGTCGTA 3’

S’TCCATCTTCCATGAAGGTCA 3’

5" AATGAGCAGCTCTGGGAGA 3°

5> CCATTTGGCAATTAGCAAT 3’

5" GGCCTTGTATAATCCCTGATGAATAAG 3°
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UBQ10-R 5" AAAGAGATAACAGGAACGGAAACATAGT 3°

AT4G21110-mRNA-F 5> CCAGAAGGATGGGAGTGGATCGAGC 3’

AT4G21110-mRNA-R 5> CCTTGACAGCCGCAGTGAACGCAT 3°

PMP3-F 5" ATGGATTCTGCCAAGATCATTAAC 3’
PMP3-R 5’ TTAATCTTGTAGGACAATGTACAAGG 3°
VIirE2-F 5" CATAGAGGAAATGAGCGGCAGTC 3°
VIirE2-R 5" AACTTCCGTTCGGGTAGGGCT 3°
URA3-F 5’ TCCTGTTGCTGCCAAGCTAT 3’

URA3-R 5" AATGTCTGCCCATTCTGCTA 3’
NbEF1-RT-F 5’GATTGGTGGTATTGGAACTGTC 3’
NbEF1-RT-R 5’AGCTTCGTGGTGCATCTC 3’
NbBUD31-RT-F 5" TGAGCGTCTCTGCTGCTT 3’

NbBUD31-RT-R 5" CCACTTGCACAGCCTTGA 3’
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2.2. DNA manipulations

2.2.1. General DNA manipulation techniques

Polymerase chain reaction (PCR), DNA gel electrophoresis and purification, DNA
sequencing, DNA digestion, ligation, plasmid DNA preparation, competent cell
preparation and bacterial cells transformation were carried out following standard

protocols as described (Sambrook, Russell et al. 2001).

2.2.2. Genomic DNA preparation

In this study, A. tumefaciens genomic DNA was prepared as described with a few
modifications (Charles and Nester 1993). Briefly, A. tumefaciens was grown overnight
in 5ml MG/L. Bacterial cells were harvested by centrifugation, washed once with TES
(10 mM Tris-HCI, 25 mM EDTA, 150 mM NacCl, pH 8.0), and then resuspended in TE
buffer (10 mM Tris-HCI, 25 mM EDTA, pH 8.0). Cells were lysed by adding 754 of
NaCl (5 M), 62.5 of proteinase K (5 mg/ml) and 62.54 of SDS (10%), and incubated
at 68 <C for 30 minutes. After centrifugation, the supernatant was transferred to a new
tube and subsequently extracted once with equal volume of base layer of
phenol-chloroform solution (Phenol/ Chloroform/ Isoamyl alcohol 25:24:1). The tube
was mixed by vortex and spun down by centrifugation. The aqueous phase was then
transferred into a new tube. Genomic DNA was precipitated with 2 volumes of absolute
ethanol supplemented at 4 <C for 1 hour. After spinning down by centrifugation, the
DNA pellet was washed twice with 70% ethanol and vacuum dried. Genomic DNA was
dissolved in distilled water and stored at 4 <C.

Yeast genomic DNA used in this work was prepared as described with some
modifications. Yeast was grown overnight in 5 ml YPD or SD medium. Cells were

washed once with PBS and re-suspended in 450 ul TES (10 mM Tris-HCI, 25mM
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EDTA, 150mM NaCl, pH 8.0). 50 ul of 10 x lyticase was added into cell suspension
and incubated at 37 <C with RNase for 1 hour. The mixture was incubated at 95 <C for
10 minutes to lyse the cell. After centrifugation, the upper phase was transferred to a
new tube to carry out DNA extraction as A. tumefaciens genomic DNA (Looke,

Kristjuhan et al. 2011).

2.2.3. Transformation of A. tumefaciens by electroporation

Plasmids were introduced into A. tumefaciens by electroporation (Cangelosi, Best
etal. 1991). A. tumefaciens was grown in MG/L medium until early log phase (ODgoo =
1.0). About 10° cells were centrifuged at 4 <C and washed twice with cold water and
once with cold glycerol (15%). The cell pellet was resuspended in 50 i of cold glycerol
(15%) and incubated on ice for 2 minutes.

The cell suspension together with plasmid DNA was transferred to a pre-chilled

0.2 cm electroporation cuvette (BioRad). The Gene Pulser II Electroporation System

(Bio-Rad) was used for electroporation (Capacitance 25 pF, Voltage 2.5 kV, Pulse
controller set to 400 Q, 8-9s ). 1 ml of MG/L broth was added to the electroporation
cuvette immediately after electroporation. The cell suspension was transferred into a 14
ml culture tube for 1 hour recovery at 28 <C. The electroporated cells were collected

and plated on MG/L agar plate with appropriate antibiotics for selection.

2.2.4. Lithium acetate transformation of yeast

Lithium acetate transformation of yeast was performed as described with some
modifications (Gietz, Schiestl et al. 1995). Yeast was grown in liquid YPD or SD
medium overnight and subcultured into fresh medium for 3 to 4 hours incubation until
ODegoo = 1.0. Then yeast cells were washed sequentially with double distilled H,O
(ddH,0O) and with 100 mM lithium acetate. The cells were resuspended in
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transformation mixture (80 pl of H,O, 5 pl of carrier DNA, 36 ul of 1 M lithium acetate,
240 pl of 50% PEG, 1l of 200ng/ul plasmid DNA) and mixed by vortex. The mixture
was then heat shocked at 42 <C for 30 minutes.

The cells were pelleted by centrifugation and resuspended in 1 ml of ddH,O.
Appropriate amount of cells were spread onto SD agar plates with amino acid drop out
supplement and incubated at 30 <C for selection. 10° times dilution can be made and the
diluted cells were spread onto SD agar recovery plates with full amino acids to

calculate transformation efficiency (when necessary) .

2.2.5. Real-time PCR

Real-time PCR was used in this study to amplify and quantify targeted DNA
molecule (Heid, Stevens et al. 1996).

KAPA SYBR fast universal gPCR kit and Bio-Rad CFX384 Touch™ Real-Time
PCR Detection System were used to perform real-time PCR. (94 € 10s—55 T 30 s)
40 cycles were used followed by melting curving checking. The 244" method was

employed for data analysis.

2.3. RNA manipulations

2.3.1. Total RNA extraction from yeast cells

TRIzol-based method was used in yeast total RNA extraction (Hummon, Lim et al.
2007). Yeast cells were centrifuged and re-suspended in 450 pl TES supplemented with
50 ul 10 x lyticase. The mixture was incubated at 37 °C for 30 minutes. The cells were
harvested by centrifuging at 4 <C. 0.8 ml of TRIzol reagent was added to cell pellet and
re-suspended. After incubation at room temperature for 5 minutes, 0.16 ml of

chloroform was added to the mixture and mixed by shaking tube vigorously for 15
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seconds. The mixture was incubated at room temperature for 3 minutes, and then
centrifuged at 4 <C, 12000 g for 15 minutes. The colorless upper aqueous phase was
transferred to a new 1.5 ml tube, followed by adding equal volume of isopropanol. The
samples were incubated at room temperature for 10 minutes and centrifuge at 4 <C,
12000g for 10 minutes. The RNA precipitate was washed once with 75% ethanol and

dissolved in double distilled water.

2.3.2. Total RNA extraction from A. thaliana and N. benthamiana

TRIzol-based method was used in total RNA extraction of A. thaliana cells and N.
benthamiana as described for yeast (Hummon, Lim et al. 2007). 50 to 100 mg of plant
leaf tissue was frozen in liquid nitrogen and grinded into powder by using pre-sterilized
blue pestle to generate homogenize tissue samples. These samples were resuspended in
0.8 ml of TRIzol reagent, and followed by same procedure as described for yeast RNA

extraction.

2.3.3. Reverse transcription polymerase chain reaction (RT-PCR)

After total RNA extraction, iScript cDNA Synthesis Kit (Bio-Rad) was used to

perform reverse transcription PCR (RT-PCR) for cDNA synthesis.

2.4. Protein analysis

2.4.1. Total proteins extraction from yeast cells

A rapid protein extraction method was performed to extract total proteins from
small amount of yeast cells (Kushnirov 2000). About 10° of yeast cells were harvested
by centrifugation and resuspended in 1004 of ddH,O. Equal volume of 0.2 mM NaOH

was added to the cell suspension and incubated at room temperature for 5 minutes.
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After centrifugation, the cell pellet was resuspended in an appropriate volume of SDS
gel-loading buffer and boiled for another 5 minutes. The sample was pelleted again and
the supernatant was used in Sodium Dodecyl Sulfate Polyacrylamide Gel

Electrophoresis (SDS-PAGE).

2.4.2. SDS-PAGE gel electrophoresis and Coomassie blue staining

Total protein profile of yeast cells were analyzed according to their molecular
weights by SDS-PAGE gel electrophoresis (Laemmli 1970). The buffers and solutions
used in this study and gel preparation recipe are listed in Table 2.5. 40 pl of protein
sample was mixed with 10 ul 1 M DTT solution and 50 pl loading buffer followed by
incubating at 95 <C for 5 minutes for preparing loading sample. The Mini-Protean Il
Electrophoresis Cell (Bio-Rad) was used in this study to perform SDS-PAGE gel
electrophoresis 70 volts for 20 minutes and followed by 200 volts. The protein profile
could be visualized by Coomassie blue staining after running SDS-PAGE. The
SDS-PAGE gel was then placed in staining solution and left for staining on a slowly
rotating flat rotator. The destaining solution was added to destain the gel after removing

the staining solution (Sambrook, Russell et al. 2001).
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Table 2.5. Buffers and solutions used in SDS-PAGE gel electrophoresis

Buffer/Gel Components
10 x Tank buffer 0.25 M Tris, 2.5 M Glycine, 1% SDS
Stacking gel 1.4 ml of H,0, 320 i of 30% Acrylamide, 250 i

10% Running gel

2 > Sample-loading
buffer

DTT stock solution

Staining buffer

Destaining solution

of 1 M Tris-HCI, pH 6.8, 20 i of 10% SDS, 20 i
of 10% APS, 2 i Temed

1.9 ml of H,0, 1.7 ml of 30% Acrylamide, 1.3 ml
of 1.5 M Tris-HCI, pH 8.8, 50 J of 10% SDS, 50
i of 10% APS, 2 i Temed

100 mM Tris-HCI, 4% SDS, 20% glycerol,
0.002% bromophenol blue

IMDTT

0.5 g Coomassie Brilliant Blue R250 in 180 ml
methanol : H,O (1:1, V/V) and 20 ml glacial
acetic acid

Methanol : H,O : glacial acetic acid (V/V) =9:9:1
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2.4.3. Immunofluorescence (IF)

Immunofluorescence experiment was performed as described with some
modification (Sambrook, Russell et al. 2001).

Yeast cells were fixed with 4% paraformaldehyde for 1 hour. After removing cell
wall by treatment with lyticase, the yeast cells were dropped onto coverslip and kept
at 4 T for 30 minutes. The coverslip was incubated with blocking solution
(0.1%Triton100/PBS/1%BSA) for 1 hour. Rat anti-a. tubulin antibody with a dilution
ratio of 1:25 was added into blocking solution for 1 hour incubation. After washing
with PBS three times for 5 minutes respectively, the coverslip was incubated with
Goat anti Rat IgG antibody with a dilution ratio of 1:200 in blocking solution (light
protected) for 1 hour. The coverslip was washed with PBS three times for 5 minutes,
followed by Dapi staining and dehydrating with 100% ethanol. After that, mounting
solution was added onto slide, and the coverslip was put on the slide with cells facing

down. The sample was used for fluorescence imaging under microscopy.

2.5. Agrobacterium-mediated transformation (AMT) of yeast

Agrobacterium-mediated transformation of yeast was performed based on
reported protocol with modifications (Bundock, den Dulk-Ras et al. 1995; Piers, Heath
et al. 1996). Media, chemicals and solutions used in the AMT process are listed in Table
24.

Asingle colony of Agrobacterium strain was inoculated into MG/L liquid medium
with appropriate antibiotics and grown overnight at 28<C. The Agrobacterium culture
was subculture into fresh MG/L medium with 50 times dilution and grown for
additional 6-7 hours until ODgo = 1.0. Agrobacterium cells were then collected by

centrifugation, washed once with IBPO, and resuspended in IBPO, with 200 uM
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acetosyringone for 16 - 18 hours induction at 28 <C. Table 2.6. Media and solutions used
in this study ??? Meanwhile, a single colony of yeast strain was inoculated into YPD or
SD medium and grown overnight at 30 <C. The overnight yeast culture was subcultured
in YPD or SD medium with 20 times dilution and incubate for additional 3-4 hours
until ODggo = 0.35.

1x10° Agrobacterium cells and 5x10° yeast cells were mixed and collected by
centrifugation for cocultivation. After washed once with IBPO,, the cells were
resuspended in 100l IBPO,, and dropped onto a cocultivation medium (CM) plate.
The cocultivation mixture was left in the laminar flow hood until the mixture is dried
out on the plate. The CM plates were incubated at 20 <C for cocultivation for 24 hours
in darkness. The cocultivated cells were washed off the plate with 1 ml of 0.9% NacCl
and plated on SD selection plates with appropriate amino acid drop out supplement and
cefotaxime, as well as SD plates with full amino acids for recovery. The plates were

incubated at 30<C for 3-4 days to count the colonies.
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Figure 2.1. Standard protocol for Agrobacterium-mediated transformation of
yeast.

Agrobacterium is grown in YPD or SD medium and induced in IBPO, with AS. After
16 hours of induction, Agrobacterium cells are mixed with yeast cells and dropped onto
CM plate. CM plate is dried in a laminar flow hood, followed by cocultivation at 20 <C
for 24 hours. Afterwards, cocultivated cells are washed off from the plate and spread on
selection/recovery plates. The plates are incubated at 30 <C for 3 - 4 days until single
colonies occur.

37



2.6. Quantitative real-time PCR detection of T-DNA

The cellular T-DNA level in AMT recipient cells was detected by using real-time
PCR. First, cocultivated yeast cells were washed off from the CM plate. The mixture
was sequentially subjected to repeated differential centrifugation, frozen-thawed
treatment and lysozyme treatment. These treatments aimed to remove bacteria as
much as possible. Total DNA was extracted from the yeast cells as described in
Chapter 2.2.2. Real-time PCR was performed as described in Chapter 2.2.5.

Primers were designed to amplify DNA fragments of URA3, virE2 and PMP3,
which represent the abundance of T-DNA, agrobacteria DNA and yeast DNA,
respectively. The primers used in this assay were listed in Table 2.4. The efficiency of
three primer pairs were tested, and all three pairs of primer efficiency was close to 100%

(data not shown). Therefore, the 244"

method was applied for data analysis.

URA3 represent T-DNA both from yeast and bacteria while VirE2 gene can be
detected only in agrobacterium. DNA extraction from induced A. tumefaciens was
used to establish a standard curve showing correlation between Ct (URA3%) and Ct
(vire2). This standard curve was used for converting Ct (virE2) (amount of
agrobacteria DNA) into corresponding value of Ct (URA3%™) (contaminant T-DNA).
Normalizing Ct (URA3) and Ct (URA3%™) with Ct (PMP3) obtained relative
abundance of T-DNA and contaminant T-DNA. Therefore, contaminant proportion of

T-DNA would be deducted from total T-DNA levels to obtain

Agrobacterium-delivered T-DNA level inside host cells.

2.7. Visualization of Agrobacterium-delivered VirE2 by Split-GFP

assay

In order to achieve real-time visualization of Agrobacterium-delivered VirE2 in S.
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cerevisiae and N. benthamiana recipient cells, a split-GFP assay was performed in this
study (Li, Yang et al. 2014). Briefly, the small GFP fragment (GFP11) was first
inserted into VirE2 at a permissive site to create the VirE2-GFP11 fusion protein and
expressed in Agrobacterium (EHA105virE2::GFP11). The large fragment (GFP1-10)
was expressed in recipient cells. For yeast, EHA105virE2:GFP11 was cocultivated
with yeast cells as described in Chapter 2.2.5. For the natural host plant,
EHA105virE2::GFP11 was infiltrated into N. benthamiana Nb308A leaves using the
protocol described in Chapter 2.2.10. The GFP fluorescence signals were visualized

by microscopy observation after delivery of VirE2-GFP11 into the recipient cells.

2.8. Virus induced gene silencing (VIGS)

Virus induced gene silencing (VIGS) was performed to generate gene silencing N.
Benthamiana (Liu, Schiff et al. 2002; Anand, Vaghchhipawala et al. 2007; Dong,
Burch-Smith et al. 2007).

A ~220 bp sequence of NbBUD31 was amplified by PCR from N. benthamiana
cDNA. The PCR products were cloned into the VIGS vector pTRV2. The construct
pTRV2-NbBUD31 was confirmed by DNA sequencing.

pTRV1, pTRV2 and pTRV2-NbBUD31 were introduced into Agrobacterium
strain GVV3101 by electroporation, respectively. Transformed bacteria were grown for 2
days on LB plates containing 50g/ml Kanamycin for selecting positive cells.

Agrobacterium strain GV3101 containing pTRV1, pTRV2 and pTRV2-NbBUD31
plasmids were grown overnight at 28 <C in liquid LB medium. Agrobacterium cells
were harvested by centrifugation and resuspended in infiltration buffer (10 mM MgCls,,
10 mM MES, and 200 M acetosyringone) to ODggo = 0.8. Agrobacterium cultures
containing TRV or TRV-derivative plasmids were mixed in 1:1 ratio and then incubated
at room temperature for 3 hours.
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Agrobacterium culture was infiltrated onto the abaxial side of lower leaf of 4-leaf
stage N. benthamiana plants using a 1ml syringe. 2 or 3 leaves of each plant need to be
injected.

Total RNA was extracted from upper leaves of gene silenced plants
(TRV::NbBUD31), empty vector control plants (TRV::00) and untreated wide type
plants (WT) with protocol described in Chapter 2.3.2.

Real-time PCR was performed with protocol described in Chapter 2.2.5 to detect
the transcriptional level of NoBUD31 gene in TRV::NbBUD31, TRV::00 and WT. To
ensure the endogenous gene is tested, real-time PCR primers were design to anneal

outside the region targeted for silencing.

2.9. Tumorigenesis

2.9.1. In planta tumor assay

Three weeks after VIGS, the in planta tumor assays were performed on the gene
silenced plants (TRV::NbBUD31), control plant (TRV::00) and WT. The stem of the
plant were punctured by using a needle. Agrobacterium tumefaciens A348 was
inoculated onto stem wound by the same needle. The crown gall tumor was observed 4

weeks after Agrobacterium inoculation (Anand, VVaghchhipawala et al. 2007).

2.9.2. Leaf-disk tumorigenesis assay

Leaves from NbBUD31 silenced plants (TRV::NbBUD31), control plants
(TRV::00) and untreated plants (WT) were collected 3 weeks after VIGS infiltration,
then washed twice with ddH,0 and then treated with 10% Clorox for 10 minutes. After
washing for three times with sterile ddH,O, the leaves were punched into disk by a cork

borer (0.5 cm). A. tumefaciens strain A348 was grown in MG/L medium overnight and
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subcultured with 1:50 dilution for additional 6-7 hours until ODgy = 1.0. The cells were
collected by centrifugation and resuspended in sterile ddH,O to a final concentration of
ODgpo =0.1.

The leaf disks were incubated with Agrobacterium suspension for 15 min for
sufficient attachment, followed by washing with sterile ddH,O and placed on sterile
filter paper to blot up and remove unattached bacteria. The leaf disks were transferred
to solid MS medium to cocultivate with Agrobacterium at 20 <C for 2 days. 20 leaf disks
for each plant were transferred to MS medium with 100 pg /ml Cef.

The plate was incubated at 20 <C in darkness for 4 weeks for tumor formation. The
total biomass of the leaf was measured by weighing the fresh and dry weights. After
weighing the fresh weight, the leaves were incubated at 37 <C for 5 days to weigh dry

weights (Anand, Vaghchhipawala et al. 2007).

2.10. Agroinfiltration

Agrobacterium strain was grown overnight, and subcultured with 50 times dilution
for additional 6-7 hours growing until ODggo = 1.0. The bacteria cells were pelleted by
centrifuging, and then resuspended in infiltration buffer (10 mM MgCl,, 10 mM MES,
and 200 M acetosyringone) to ODggo = 1.0. Cell suspension was then infiltrated into
the abaxial side (lower side) of N. benthamiana/A. thaliana leaves using a 1 ml syringe
without needle. The infiltrated plant was kept at 22 <C with a photoperiod of 16 h of

light and 8 h of dark (Lee and Yang 2006).
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2.11. Imaging techniques

2.11.1. Sample preparation for microscopy imaging

Yeast and bacterial cells were fixed and stained by DAPI (if necessary) before
microscopy imaging. The cells were collected by centrifugation and washed with
ddH;0. The cells were then fixed with 4% paraformaldehyde for 1 hour at room
temperature, followed by washing twice with water and resuspended in water. After the
addition of 95% ethanol, the mixture was incubated for 2 min and pelleted. 10 i DAPI
(1: 20 in H,O) was added and incubated at room temperature for 10 minutes. The cells
were collected by centrifugation and resuspended in ddH,O for microscopy
observation.

N. benthamiana sample was cut from an agroinfiltrated leaf. The leaf tissue was

placed on slide and sealed in 2% low melting agarose under a coverslip.

2.11.2. Fluorescent microscopy and confocal microscopy

In this study, Olympus Fluoview FVV1000, Carl Zeiss Laser Scanning Microscope
(LSM) 510 Meta and PerkinElmer UltraViewVox Spinning Disk were used to perform

fluorescent microscopy and confocal microscopy for visualized observation.
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Chapter 3. Involvement of Spliceosome Components in

Agrobacterium-yeast gene transfer

During Agrobacterium-mediated gene transfer process, many bacterial factors
involved in T-DNA transfer have been well studied in previous studies (Lacroix and
Citovsky 2013). However, it still remains elusive how T-DNA complex travels inside
the host cells and how host factors facilitate this process. In this study, Saccharomyces
cerevisiae was used as a model to investigate the host roles in the AMT for its small
genome size and easy-going manipulation approaches compared to plants.

A genome-wide transformation screening has been performed by using liquid
transformation assay. This high-throughput screening has identified more than 200
candidate genes which may have effects on AMT process(Tu 2010). In this chapter,
based on the global profiling results, a small scale screening was performed for further
confirmation. Among these candidates, yeast mutant bud314 was found to show
significantly decreased transformation efficiency and therefore it was selected for
further study. Agrobacterium-mediated efficiency tests of genes related to BUD31
showed that proteins from the NineTeen Complex (NTC), which associates with
spliceosome during pre-mRNA splicing, may play a role in Agrobacterium-yeast

transformation process.

3.1. Introduction of BUD31p and NineTeen Complex (NTC)

3.1.1. Literature review of BUD31 gene

BUD31 (Systematic Name YCR063W) was first found as an open reading frame
(ORF) located on right arm of chromosome IlIl of Saccharomyces cerevisiae, the

sequence of which is found to have 51% homology with the G10 gene product of
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Xenopus laevis (Benit, Chanet et al. 1992). After the release of sequence of yeast
chromosome 11, ORFs were re-examined by computer methods. YCR063W ORF was
predicted to encode a protein of 157 amino acids with a Zn finger region and have
nucleic acid binding activity (Koonin, Bork et al. 1994). A human homologue of
YCRO063W, edg-2, was isolated from human umbilical vein endothelial cells (HUVEC).
The structure of edg-2 polypeptide suggests that it may be a nuclear regulator of
transcription. Its sequence is highly conserved in evolution from yeast and
Caenorhabditis elegans to human, suggesting that it may be an important regulator of
general nuclear function (Hla, Jackson et al. 1995). The high identity between
YCRO063W, edg-2 and G10 showed that this gene is conserved among different species
during evolution. In a genome-wide screening of homozygous diploid yeast deletion
strains, which aim to identify non-essential genes participating in the bipolar budding
pattern, knockout strain of YCR063W showed a random distribution of bud scars on
the cell surface, therefore it was named as BUD31 (Ni and Snyder 2001). YCR063W
was also named as Cwcl4 because it was identified in a Ceflp sub-complex of
spliceosome through tandem affinity purification (TAP) assay. Cwcl4p could be
coimmunoprecipitated with Ceflp (Ohi, Link et al. 2002). These results first implied an
involvement of Bud31p in splicing process.

After BUD31 was identified, detailed function of Bud31p was investigated by
many research groups. First of all, the function of Bud31p involved in splicing has been
reported in many papers (Gavin, Bosche et al. 2002; Masciadri, Areces et al. 2004;
Wang, He et al. 2005; Saha, Banerjee et al. 2012; Saha, Khandelia et al. 2012; Saha,
Khandelia et al. 2012).

Bud31p was identified as a member of NTC-associated complex in a Mass
Spectrometry-based proteomic study (Gavin, Bosche et al. 2002). BUD31-null yeast

strain was generated and showed a phenotype with abnormality in cytoskeleton
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structure, actin distribution and bud formation. Bud31p was also found to interact with
proteins involved in mRNA splicing. Accumulation of unspliced mRNA of two genes,
ACT1 and PFY1 which are involved in cytoskeletal organization, were found in
BUD31-null yeast which indicates that Bud31p may play a role in pre-mRNA splicing
process (Masciadri, Areces et al. 2004). SF3b is a subcomplex of U2 small nuclear
ribonucleoprotein (SNRNP). Some proteins including Bud31p were purified with SF3b
U2 subcomplex that associates with the pre-mRNA branch point region (Wang, He et al.
2005). Bud31p is a non-essential splicing factor required for viability of S. cerevisiae
cells at growth temperatures > 34 <C. Like a number of other non-essential pre-mRNA
splicing factors required for growth in specific conditions, the functions of Bud31p can
be hypothesized to increase the efficiency of selected splicing steps. By using in vitro
splicing assays, Bud31p was found to be required for efficient progression to the first
catalytic step and for the second catalytic step of splicing at high temperatures. It was
found in pre-catalytic B complex and B*' complex. It interact with U5 and U6 snRNPs,
and associates with spliceosome containing pre-mRNA although it does not interact
with pre-mRNA directly. It was also found that Bud31p affects the interaction of a ~25
kDa protein to the exonic 5’ splice site in splicing reactions at elevated temperature.
Therefore, the function of Bud31p is to stabilize pre-mRNA protein interactions that
may facilitate efficient splicing (Saha, Khandelia et al. 2012). In addition, Bud31p is
required for the splicing of some pre-mRNAs, not all of them. For example, ARP2 and
SRC1 encode proteins required for budding. Wild type cells have a long and a short
isoform of SRC1 mRNA and protein, while bud314 cells entirely lack the shorter SRC1
spliced mRNA isoform (Saha, Banerjee et al. 2012).

Like other splicing factors in S. cerevisiae, besides its function as a splicing factor,
BUD31 has also been reported to relate to other cellular processes such as cell cycle,

ribosome biogenesis and DNA repair. For example, loss of the protective function of
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telomeres had been hypothesized to cause a DNA damage response. The telomerase
deletion response (TDR) occurs when telomeres can no longer be maintained by
telomerase. In a genome-wide expression response to telomerase deletion assay in
yeast, Bud31p was found to be up-regulated in TDR(Nautiyal 2002). Eukaryotic cells
have two enzymatically distinct pathways for double-strand break repair (DSBR). One
is the repair by homologous recombination which is known as single-strand annealing
(SSA) and the other is the repair by non-homologue end joining (NHEJ). In a
genome-wide screening, BUD31 mutant was found to have enhanced NHEJ, deficient
SSAand increased NHEJ/SSA ratio (Wilson 2002). By using a high-throughput method
called selective ploidy ablation (SPA), a genome-wide screening was performed and
the screening results indicate that BUD31 was required for viability upon expression of
topl-T722A. Topl-T722A is a mutant DNA topoisomerase | which could mimic the
activity of the chemotherapy drug camptothecin (CPT) that leads to replication
dependent DNA breaks and ultimately cell death if those breaks cannot be repaired
(Reid, Gonzalez-Barrera et al. 2010). These results indicate an involvement of BUD31
in DNA repair function.

In a systematic genome-wide screening for identification of yeast genes which
affect replication of a positive-strand RNA virus Brome mosaic virus (BMV), Bud31p
deletion mutant was found to have enhanced BMV-directed Rluc expression more than
1000 folds compared to wild type yeast(Kushner 2003). Bud31p mutant was also found
to be sensitive to the drug in a screening of the S. cerevisiae homozygous diploid
deletion library against a sublethal concentration of cisplatin (Liao, Hu et al. 2007).
BUD31 was found to be necessary for normal growth of yeast on oleic acid in a
screening of the haploid yeast deletion collection to investigate the peroxisome and
other processes in membrane function, as peroxisome is the sole site of B-oxidation in

yeast and known to be required for optimal growth in the presence of fatty acid

46



(Lockshon, Surface et al. 2007). In a genome wide screening for genes conferring
resistance to the simultaneous presence of different relevant stresses, Bud31p was
found to be essential for maximal fermentation performance under industrial conditions.
The expression of Bud31p could lead to the increase of both ethanol yield and
fermentation rate (Pereira, Guimaraes et al. 2011).

BUD31 was also found to bind androgen receptor (AR) in human prostate cancer
cells. ARs bind to peptides containing an FxxY motif cluster with Tyr in the +5
position. BUD3L1 is found to contain the same peptide sequence. The BUD31-FxxFY
peptide suppressed AR transactivation and AR-mediated cell growth effectively (Hsu,
Liu et al. 2014).

In summary, BUD31 gene has been reported as a splicing factor which could
interact with spliceosome during splicing process and is required for the splicing of
some of pre-mRNAs, including those encoding for proteins required for budding.
BUD31 also involves in other biological process where the exact function of Bud31p is
still unclear. The additional functions for splicing factors can be ascribed to two
reasons. One possibility is some factors could be directly involved in two different
cellular processes. On the other hand, their role in splicing may affect gene expression
required for other cellular pathways.

In addition, there is no report of the involvement of BUD31 in

Agrobacterium-mediated transformation.

3.1.2. Literature review of NineTeen Complex (NTC)

NineTeen Complex (NTC), also known as Prp19 complex (Prp19C) which was
named by its founding member Prpl19 (Tarn, Lee et al. 1993), is a protein complex
involved in various cellular processes for cell homeostasis. NTC is also highly

conserved as it is found in yeast as well as higher eukaryotes such as animals and plants
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(Koncz, deJong et al. 2012). In Saccharomyces cerevisiae, only one NTC has been
identified which consists of eight core proteins (Prpl9, Cefl, Syfl, Syf2, Syf3, Snt309,
Isyl and Ntc20) and up to 19 associated proteins, while at least three Prpl9-like
complexes (PRP19/CDC5L, Prpl9-associated and XAB2) exist in human cells
(Chanarat and Strd®r 2013). NTC is important in cell homeostasis as it has multiple
cellular functions which are related to the regulation of mMRNA splicing (Chan, Kao et al.
2003; Will and Lthrmann 2011), DNA repair (Grey, DUsterhdt et al. 1996; Mahajan
and Mitchell 2003), lipid droplet biogenesis (Si, Eui et al. 2007), guidance for
programmed protein degradation (Ohi, Vander Kooi et al. 2003; L&cher, Fortschegger
et al. 2005) and transcription elongation (Zhou and Hayward 2001; Kang, Lee et al.
2009).

The most studied cellular function of NTC is its regulatory role in mMRNA splicing.
In eukaryotes, most pre-mRNAs consist of introns and exons. To form matured mRNAS
for further translation, pre-mRNA should firstly be subjected to a splicing process, i.e.
the removal of introns and the re-ligation of exons. This mRNA splicing process is
catalyzed by spliceosome, a huge ribonucleoprotein (RNP) complex which consists of
five small nuclear RNPs (U1, U2, U4, U5 and U6 snRNPs) with one corresponding
small nuclear RNA (snRNA) in each sSnRNP. These five sSnRNPs assemble dynamically
with the pre-mRNA at different stages in the splicing process, forming different
spliceosome complexes (A, B, B*', B" and C complexes) and catalyze two
transesterification steps (cleavage of the intron at 5 and cleavage of the intron and
re-ligation of exons at 3’). As a regulator, NTC functions at multiple stages of the
splicing process (Hogg, McGrail et al. 2010). The first stage of NTC function in the
splicing process is during the activation of the spliceosome complex (transformation
from B to B® complex). In this stage, NTC and Prp19 associated proteins join the

spliceosome with the U4/U6.U5 tri-snRNP before and during the unwinding of U4
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from U6. NTC and NTC-associated proteins have been identified as essential
stabilizers for the interaction between U5/U6 snRNP and the spliceosome after the
activation process as the depletion of NTC causes disability of U5 and U6 snRNA to
associate with activated spliceosome (Fabrizio, Dannenberg et al. 2009). This
NTC-mediated stabilization of U5 and U6 is most likely due to the promotion of NTC
to the interaction of U5 and U6 with substrate pre-mRNAs (Chan, Kao et al. 2003;
Chan and Cheng 2005). Despite the stabilizing effect of NTC to snRNPs, at least two
NTC-associated proteins, Yju2 and Cwc25, have been identified as essential elements
to the catalytic activity of spliceosome for the first step transesterification (Liu, Chen et
al. 2007; Chiu, Liu et al. 2009; Warkocki, Odenw&der et al. 2009). Yju2 s capability of
stalling pre-catalytic spliceosome with splicing functionality indicates its essential role
in spliceosome activation (Liu, Chen et al. 2007). Nevertheless, Yju2 interacts with
spliceosome in a distinct manner as it only associates with spliceosome upon activation
and appears disassociated with spliceosome after activation (Liu, Chen et al. 2007).
Cwc25 also shows its essence to spliceosome activation although the complementation
of Cwc25 only restores marginal level of the splicing activity of the spliceosome which
indicates the involvement of other potential co-factors (Chiu, Liu et al. 2009). Despite
its function in the spliceosome activation and first transesterification reaction, NTC
also plays a role in spliceosome biogenesis and recycling. For example, Cwc23, one of
the NTC-associated proteins, interacts with Ntrl which is a key protein catalyzing
spliceosome disassembly (Sahi, Lee et al. 2010). It was found that the Cwc23 mutant
displays accumulation of un-spliced pre-mRNA and lariat intron, indicating the
disruption of spliceosome disassembly and subsequent recycling (Arenas and Abelson
1997; Sahi, Lee et al. 2010). On the other hand, deletion of other NTC proteins, such as
PRP19, NTC90, NTC77, NTC20 and NTC30, results in the accumulation of free U4

snRNP, which also indicates the hampering of spliceosome recycling (Chen, Kao et al.
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2006).

Despite its main function in regulating mRNA splicing, NTC also involves in the
DNA repair process to maintain the integrity of the genome. Prp19, the first discovered
member of NTC was initially identified as a protein involved in the error-prone repair
in yeast (Henriques, Vicente et al. 1989). Its analog in human, hPRP19, was found to be
a component of nuclear matrix NMP200 which interacts with terminal
deoxynucleotidyltransferase (TdT) and assists cell revival after DNA damage
(Gotzmann, Gerner et al. 2000; Mahajan and Mitchell 2003). It was found that the loss
of hPRP19 expression resulted in the accumulation of double strand breaks (DSB), a
common form of genomic DNA damage (Mahajan and Mitchell 2003). Despite PRP 19,
other proteins in NTC were also found to relate to DNA repair. For example, P29, the
analog of SYF2 in human, interacts with DNA replication licensing factor MCM3 and
the deletion of P29 results in the increased sensitivity of the cell to UV irradiation and
slow down of DNA synthesis (Chu, Yang et al. 2006).

Lipid droplets are cellular organelles with important functions such as storing
energy for cell metabolism, providing building blocks for cell membrane and
detoxification of excess intracellular lipids (Farese Jr and Walther 2009). NTC is found
to play a role in lipid droplet biogenesis. PRP19 was found to reduce the level of
triacylglycerols and the structural proteins of lipid droplets (Si, Eui et al. 2007).
Moreover, PRP19 is essential for lipid droplet maturation and for fat storage in
preadipocytes. As there are few reports linking NTC with lipid droplets biogenesis, the
exact mechanism for NTC still needs further investigation.

Ubiquitin-proteasome system is crucial in programmed protein degradation
(Wilkinson 2000). The proteins labeled with multiple ubiquitin molecules is subjected
to 26S proteasome for degradation. PRP19 protein, which has an N-terminal

U-box/RING domain, has E3 ubiquitin ligase activity (Ohi, Vander Kooi et al. 2003). It
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was found that mouse PRP19 interacts with mSUG1,a subunit of regulatory part of the
proteasome and the overexpression of PRP19 promotes proteasome activity in vivo
(Sihn, Cho et al. 2007). Moreover, hPRP19 can interact with PSMB4/Pr4/beta7 which
is a component of 20S catalytic core of proteasome (L&cher, Fortschegger et al. 2005).
This indicates hPRP19 could involve in the process for the recruitment of
ubiquitin-tagged protein to the proteasome. Although evidences have linked PRP19 to
the ubiquitin-proteasome system, the actual target for its E3 ligase-like domain is still
unknown and should be further explored.

Last but not least, NTC also functions in the process of gene transcription and
RNA export. In yeast, NTC interacts with RNA polymerase 11 (RNAPII) and TREX
complex (Chanarat, Seizl et al. 2011). The TREX complex moves along the gene with
the transcription machinery and functions in the simultaneous assembly of mRNA into
mMRNP during DNA transcription process (Stel®r, Masuda et al. 2002; Meinel,
Burkert-Kautzsch et al. 2013). It was found that the syfl-truncated NTC displayed a
decreased interaction with RNAPII and diminished recruitment to the genes (Chanarat,
Seizl et al. 2011). It in turn decreased the occupancy of TREX to the gene. These results
indicate that recruited TREX can be stabilized by NTC. Nevertheless, the exact
interaction mechanism between NTC and TREX is still unknown and opens
opportunity for future works.

SNT309 in NTC

SNT309, also known as NTC25 with its analog of SPF27 in human cells, is one of
the eight core proteins in NTC. SNT309 was first identified to interact with PRP19 and
function in the pre-mRNA splicing (Chen, Jan et al. 1998). The co-mutation of SNT309
and PRP19 was found to be lethal to yeast cells and the mutation of SNT309 alone
destabilizes the NTC and makes the NTC nonfunctional in splicing process (Chen, Tsao

etal. 1999). Inaddition, the SNT309 and PRP19 mutant displays accumulation of free
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U4 snRNA and the down regulation of U6 snRNA, while the overexpression of U6
SnRNA suppress the temperature sensitive defect of the mutant (Chen, Kao et al. 2006).
These results indicate the role of SNT309 in the recycling of sSnRNPs. SNT309 is also
believed to modulate the interaction of Prp19p with other components of NTC, such as
Ceflp which is involved in intron removal from pre-mRNA in the splicing process
(Chen, Tsao et al. 1999). Despite its role in splicing, SNT309 itself is one of the
co-activators of nuclear receptors and is directly recruited as promoters of
protein-coding gene in human cells (Zhou and Hayward 2001).

SYF2in NTC

SYF2, also known as NTC31, is also a core component of NTC. SYF2 gene
encodes a small protein (215 aa). It is identified as a splicing factor by interacting with
a group of proteins including SYF1, SYF3, CEF1, NTC20, ISY1 and
PRP22(Ben-Yehuda, Dix et al. 2000). SYF2 is also involved in DNA replication in

mammalian cells (Chu, Yang et al. 2006).

3. 2. Yeast BUD31 is involved in Agrobacterium-mediated

transformation

3.2.1. Yeast mutant bud314 shows decreased efficiency of

Agrobacterium-mediated transformation

Based on genome-wide screening data (Tu 2010), several yeast mutants that may
affect T-DNA transfer were selected to test their AMT efficiency as described in
Chapter 2. Briefly, yeast strain BY4741, a leucine auxotrophic mutant, was used in this
study, while the Agrobacterium harbors a plasmid pHT101 with the marker genes
LEU2 and GFP. The nutrition-marker gene LEUZ2 allows for the selection of

transformed yeast cells in the absence of leucine, and the fluorescence-marker gene
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GFP can confirm these positive transforments. Agrobacterium was induced in IBPO4
with acetosyringone (AS), and then cocultivated with yeast cell on cocultivation (CM)
plates with appropriate amino acid at 20 °C for 24 hours. The cell mixture were
collected and plated onto SD Leu™ agar plates and recovery plates. Transformation
efficiency was calculated as the ratio of number of transforments to the number of
recipients and compared to the wild type (WT). Among these mutants, a yeast mutant
bud314 shows significantly decreased transformation efficiency compared with wild

type strain BY4741, indicating it may play a role in the AMT process (Figure 3.1.A).
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Figure 3.1. Yeast mutant bud314 showed decreased Agrobacterium-mediated
transformation efficiency.

(A). AMT efficiency of yeast mutant bud314 and wild type strain BY4741, * P <
0.05. (B). LiAc transformation efficiency of bud314 and wild type strain BY4741, *
P <0.05. (C). Detection of transcriptional BUD31 in bud314 and wild type strain
BY4741.
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3.3.2. The effect of yeast BUD31 in Agrobacterium-mediated transformation is

specific

In order to investigate the important role of BUD31 in AMT, lithium acetate
transformation and complementation experiment were performed.

After lithium acetate treatment of the cells, extracellular plasmid pHT101, the
same plasmid used for AMT experiment, was transformed into yeast cell as described
in Chapter 2. Transformation efficiency was calculated and showed in Figure 3.1.B.
Agrobacterium-mediated transformation and LiAc transformation are two different
pathways. LiAc method is a physicochemical approach shows the ability of the yeast
cell to take up extracellular DNA and express it. Meanwhile, Agrobacterium-mediated
transformation employs a type IV secretion system.

LiAc transformation efficiency of bud314 was lower than WT which indicates
that BUD31 may be involved in regulation of extracellular DNA uptake and expression.
However, the fold changes of LiAc transformation efficiency was not as significant as
that of AMT which suggested that the Agrobacterium factor was also needed. Therefore,
Bud31p has specific effect on Agrobacterium-mediated transformation.

PCR results showed that transcripts of BUD31 was not detected in total RNA and
cDNA of bud314 (Figure 3.1.C), which confirmed the effect of bud314 on AMT and
other experiments in this study, is caused by knockout of the BUD31.

According to chromosomal location map (Figure 3.2.A), there is a dubious open
reading frame YCRO64C partially overlaps with BUD31. Based on available
experimental and comparative sequence data, YCR064C is unlikely to encode a
functional protein (Fisk, Ball et al. 2006). Therefore, complementation experiment was
performed to investigate if the decreased transformation efficiency of bud314 was
caused by loss of BUD31 function, or by loss of YCR064C function.

Genomic BUD31 and YCR064C sequences were cloned into pHT105 vector and
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expressed in wide type strain and mutant strain. When bud3 14 was complemented with
genomic BUD3L1 sequence, the decreased AMT efficiency was partially restored while
the complementation with YCR064C showed no effect (Figure3.2.B). This result

suggested that the loss of BUD31 contributed to the AMT rather than YCR064C.
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Figure 3.2. Complementation experiment confirmed the important role of yeast
Bud31p in AMT process.

(A). Chromosomal location of BUD31 and YCR064C. (B).Relative AMT efficiency of
bud314 complemented with genomic BUD31 and YCR064C sequence.
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3.3. Yeast NineTeen Complex (NTC) is involved in

Agrobacterium-mediated transformation

Bud31p is a splicing factor which involves in pre-mRNA splicing (Masciadri,
Areces et al. 2004). It is found to associate with many other proteins, such as Ceflp
(Ohi, Link et al. 2002) , SF3b U2 subcomplex (Wang, He et al. 2005) and Prp43p
(Lebaron, Froment et al. 2005). In order to investigate the role of Bud31p in AMT,
AMT efficiency of many genes related to Bud31p was tested. Among them, yeast
NineTeen Complex (NTC) components showed to have effect on AMT process.

The NTC is named after PRP19, the first identified splicing factor in yeast (Cheng,
Tarn et al. 1993). NTC has eight core proteins (Prp19p, Ceflp, Syflp, Syf2p, Syf3p,
Snt309p, Isylp and Ntc20p) and many associated proteins (Wahl, Will et al. 2009;
Hogg, McGrail et al. 2010). Bud31p is one of the proteins which have association with
NTC.

AMT efficiency of four core protein mutants in yeast knock-out (YKO) collection
(syf24, isylA, snt3094, ntC204) and six NTC associated protein mutants (cwcl54,
cwe2lA, budl3A, cwe274, cde404, ecm24) was tested and showed in Figure 3.3.A.
Interestingly, two of the NTC core proteins, Syf2p and Snt309p, have opposite effect on
AMT efficiency. The knockout of Syf2p dramatically increased the transformation
efficiency more than 20 times compared to wild type strain while the knockout of
Snt309p reduced the transformation efficiency by 20 times. The knockout of another
NTC related protein Cdc40p also showed enhanced AMT efficiency. Due to the
extreme slow growth rate of cdc40 4, this mutant was not included in further study.

PCR results showed that transcripts of SNT309 and SYF2 were not detected in
total RNA and cDNA of snt3094 and syf24 (Figure 3.3.B). These results confirmed the

effect of these two mutants in this study is caused by knockout of the SNT309 and
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SYF2.

LiAc transformation results showed deletion of SNT309 caused decreased LiAc
transformation efficiency, though the fold change was less than that in the AMT
experiment. In addition, deletion of SYF2 did not affect LiAc transformation
efficiency (Figure 3.3.C). Complementation experiment was also performed and the
results showed that expression of genomic sequence of SNT309 in snt3094 could
complement the AMT deficiency in snt3094. Meanwhile, expression of SYF2 in syf24

also partially recovered the enhanced transformation efficiency (Figure 3.3.D).
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Figure 3.3. The involvement of Yeast NineTeen complex (NTC) components in
Agrobacterium-mediated transformation.

(A).Relative AMT effecincy of yeast NineTeen complex mutant and wild type strain
BY4741. (B).Detection of transcriptional SNT309 and SYF2 in snt3094, syf24 and
wild type strain BY4741. (C). Relative LiAc transformation efficiency of snt3094,
syf24 and wild type strain BY4741. (D). Relative AMT efficiency of snt3094 and
syf24 complemented with genomic SNT309 and SYF2 sequence.
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Some essential genes deletion mutants are not included in yeast knock-out (YKO)
collection (Winzeler, Shoemaker et al. 1999). Therefore, the Tet-promoters Hughes

collection (yTHC) developed by Hughes Laboratory was used in which the expression
of essential genes can be switched off by adding a chemical named doxycycline
(Mnaimneh, Davierwala et al. 2004). The AMT protocol for yTHC library mutant was
modified from AMT standard protocol. Yeast strain R1158 derived from BY4741 was
used as wild type strain in the yTHC library AMT experiment. Doxycycline was added
into yeast culture to a final concentration of 10pg/ml and induced for 18 h before
cocultivation. A standard AMT protocol was performed afterwards as described in
Chapter 2.5.

Three NTC core components mutants (PRP19, CEF1 and CLF1) and NTC
associated factors mutants (CWC2, PRP46, YJU2, CWC22, CWC24, CWC25, PRP22,
SLU7, and SPP2) were included in yTHC library. Figure 3.4 showed that prp19 and
cefl display decreased AMT efficiency after the addition of doxycycline compared to
untreated cells, which suggested the suppression of Prp19p and Ceflp caused yeast
resistant to Agrobacterium infection. Suppression of other essential NTC associated
proteins did not affect AMT (data not show). This result verified the important role of

NTC during AMT process.
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Figure 3.4. Switching off the expression of Prp19p and Ceflp caused
decrease in AMT efficiency.

After treatment with doxycycline, AMT efficiency decreased as compared
to the untreated cells.

61



3.4. Discussion

During Agrobacterium-mediated transformation, the process inside bacteria has
been well studied. However, host factors which are involved in this process remain
unclear. As natural host of Agrobacterium, plant species should be the first choice of
model organism to study host factors involved in this process. However, their genome
sizes are too big to achieve a genome wide screening. On the other hand,
Saccharomyces cerevisiae is a good model to study the molecular mechanism of
T-DNA trafficking pathway and the host factors involved in this process for its small
genome size, easy manipulation approaches and available mutant library. Many studies
have been carried out using S. cerevisiae to investigate the role of host factors during
AMT process, and many host proteins have been found to be involved in AMT
(reviewed in Chapter 1).

Based on a genome-wide transformation screening data (Tu 2010), a small scale
screening was performed in this study to further confirm the role of some candidate
genes in AMT by using a stranded solid AMT method described in Chapter 2. The
AMT results showed that deletion of BUD31 caused significantly decreased
transformation efficiency. LiAc transformation efficiency of bud314 displayed similar
trend as AMT. This indicates that BUD31 may involve in the pathway shared by these
two processes. However the LiAc transformation efficiency fold change is not as
significant as AMT, suggesting Bud31p has specific effect on Agrobacterium-mediated
transformation. According to chromosomal location map, there is a dubious open
reading frame YCRO064C partially overlaps with BUD31. Complementation
experiment was performed to confirm that decreased transformation efficiency of
bud314 was caused by loss of Bud31lp function. Expression of genomic BUD31

sequence in bud314 could partially restore the transformation deficiency in AMT
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while expression of YCR064C has no effect. All the results above confirmed that
Bud31p plays an important role in Agrobacterium-mediated transformation of yeast.

Agrobacterium-mediated efficiency tests of genes related to Bud31p showed the
proteins from NineTeen Complex (NTC) which associates with spliceosome during
pre-mRNA splicing may play a role in Agrobacterium-yeast transformation process.

NTC has eight core proteins and many associated proteins. AMT efficiency of four
core proteins deletion mutant (syf24, isyl4, snt3094, ntC204) and six NTC associated
protein deletion mutant (cwcl54, cwe2lA, budl3A4, cwc274, cdc404, ecm2A4) was
tested. Interestingly, knockout of Syf2p dramatically increased the transformation
efficiency while a knockout of Snt309p reduced the transformation efficiency.
Complementation experiment results showed that complementing snt3094 and syf24
with SNT309 and SYF2, respectively, will partially rescue the decreased and enhanced
transformation efficiency in AMT. These results suggested an active role of NTC in
Agrobcaterium-mediated transformation.

Besides NTC, AMT efficiency of many other proteins related to Bud31p were
tested. 30 genes having physical interaction with Bud31p were found in online database
BioGRID3.1 (Stark, Breitkreutz et al. 2006). They were identified by affinity
capture-MS, co-purification and yeast two-hybrid assay (http://thebiogrid.org/31040).
12 gene knockout mutants were found in YKO library. Besides cwc214 and snt3094
which were already discussed before, relative AMT efficiency of 10 mutants was list in
Table 3.1. Among them, a knockout of ADE8 gene showed dramatically enhanced
transformation efficiency about 100 times. The physical interaction between Ade8p and
Bud31p was detected by yeast two-hybrid assay (Uetz, Giot et al. 2000). This result is
consistent with findings from an early literature which reported that yeast strains
containing deletions in some purine synthesis protein, such as ADE4,ADES8, ADE1, or

ADES/7, were all supersensitive to A. tumefaciens transformation (Roberts 2003).
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Bud31lp is a component of spliceosome. Knockout of Bud3lp caused
accumulation of unspliced mRNA of ACT1 and PFY1 in yeast cells (Masciadri,
Avreces et al. 2004). Genes with introns in Saccharomyces cerevisiae are the potential
downstream genes whose expression may be affected by the deletion of Bud31p. Some
of genes with introns were selected and the relative AMT efficiency is showed in Table
3.1. In this group, IWR1 and several ribosomal proteins arouses our attention as lwrl4
showed dramatically increased transformation efficiency while the ribosomal proteins
all display decreased transformation efficiency.

Previous study showed that NTC also functions in gene transcription and RNA
export (reviewed in Chapter 3.1.2). In yeast, NTC interacts with RNA polymerase 11
(RNAPII) and TREX complex. The TREX complex contains following components:
THO complex (THO2, HPR1, MFR1, and THP2), intranuclear mRNA export factors
(SUB2, YRA1L) and SR proteins (GBP2, HRB1, and TEX1). The AMT efficiency of
several TREX complex knockout mutants was tested and listed in Table 3.1. The results
showed that deletion of these genes did not affect AMT efficiency significantly (0.4 to 3
times fold change).

Lastly, BUD31 was reported as a component of the SF3b (a subcomplex of the
U2 snRNP) (Wang, He et al. 2005). SF3b subcomplex contains eight proteins: Rselp,
Hsh155p, Hsh49p, Cuslp, Rds3p RcplOp, Ist3p and Bud3lp. Most of them are
essential genes. Yeast YKO collection does not include most SF3b subcomplex
proteins mutant except BUD31 and IST3. The function of essential genes on AMT is
difficult to identify due to the lack of deletion mutant. Therefore the SF3b

subcomplex was not included in this study.
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Table 3.1. Comparison of the effects on AMT efficiency between other proteins

and Bud31p
AMT
Gene name Gene Description
fold change
Physical interactors of Bud31p

mrpl34 Mitochondrial ribosomal protein of the large 2.51
subunit

ade84 Phosphoribosyl-glycinamidetransformylase 99.8

rps4bA Protein component of the small (40S) ribosomal 1.88
subunit

mdhliA Mitochondrial malate dehydrogenas 1.15

urniA Pre-mRNA splicing factor associated with the 0.87
U2-U5-U6 snRNPs

hek24 RNA binding protein with similarity to 1.34
hnRNP-K that localizes to the cytoplasm and to
subtelomeric DNA

mam334 Acidic protein of the mitochondrial matrix 2.72
involved in oxidative phosphorylation

mrpll74 Mitochondrial ribosomal protein of the large 0.77
subunit

atplA Alpha subunit of the F1 sector of mitochondrial 1.21

FIFO ATP synthase, which is a large,
evolutionarily conserved enzyme complex
required for ATP synthesis

rpl2bA Protein component of the large (60S) ribosomal 0.48
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subunit

Genes with introns

Acyl-CoA:sterolacyltransferase, isozyme of

are2/ 0.76
Arelp
Protein involved in transcription from

iwrlA 29.8
polymerase Il promoters

did44 Class E Vps protein of the ESCRT-111 complex 2.04
Ubiquitin-conjugating enzyme variant involved

mms24 1.25
in error-free post replication repair
Protein involved in the nonsense-mediated

nmd24 0.74
MRNA decay (NMD) pathway
Protein component of the small (40S) ribosomal

rpsl6ad 2.06
subunit
Protein component of the small (40S) ribosomal

rps19bA 0.58
subunit
Protein of unknown function, localized to the

ypr098cA 1.26
mitochondrial outer membrane

rpl35b4 Ribosomal 60S subunit protein L35B 0.05
Protein component of the small (40S) ribosomal

rps10aAd 0.30
subunit
Protein component of the small (40S) ribosomal

rps4bA 0.13
subunit;

rpl21bA Ribosomal 60S subunit protein L21B 0

TREX Complex
tho24 Subunit of the THO complex 0.57
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mftiA
thp24
gbp24

hrblA

texlA

Subunit of the THO complex

Subunit of the THO and TREX complexes
Poly(A+) RNA-binding protein

Poly(A+) RNA-binding protein

Protein involved in mRNA export; component

of the transcription export (TREX) complex

0.61

0.57

141

0.53

0.45
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Chapter 4. Effects of BUD31 and NTC genes in the

Agrobacterium-yeast gene transfer

4.1. Characterization of Yeast Bud31p

4.1.1. Yeast Bud31p is a nuclear protein

Subcellular protein localization is tightly linked with function. To localize Bud31p
inside yeast cells, an EGFP reporter was used to fuse with Bud31p at C-terminus to
generate plasmid pHT105-BUD31-GFP. The plasmid pHT105-GFP expressing GFP
was used as a control. The confocal images (taken by Carl Zeiss LSM 510 Meta) of
BUD31-GFP fusion protein showed a nuclear localization inside both wild type cells
and BUD31 deletion mutant while GFP showed a diffusion expression pattern in

cytoplasm (Figure 4.1), which suggested that Bud31p has nucleus localization.
4.1.2. Yeast mutant bud314 showed different microtubule structures

Immunofluorescence (IF) was performed as described in Chapter 2. Briefly, yeast
cells were fixed, treated with lyticase and attached to coverslip. Rat anti-o tubulin
antibody and Goat anti Rat IgG antibody were used as first and secondary antibody,
respectively. The samples were mounted under fluorescent microscope for observation
and the results were shown in Figure 4.2. The structures of microtubules were different
in bud314 compared to WT.

BUD31 deletion mutant has been reported to show a phenotype with abnormality
in cytoskeleton structure. Bud31p could affect mRNA splicing of genes involved in
cytoskeletal organization and budding regulation: ACT1, PFY1, ARP2 and SRC1
(Masciadri, Areces et al. 2004; Saha, Banerjee et al. 2012). The different microtubules

structure in bud314 could be one reason for its effect on AMT. The invlovment of
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microtubule related proteins in AMT was reported previously in some early reports (Tu

2010; Chen 2012).

GFP

Bright field DAPI Overlay

WT/GFP

WT/GFP-BUD31

bud314/GFP

bud314/GFP-BUD31

Figure 4.1 Localization of yeast Bud31p with EGFP reporter.

(A). Plasmids used in the localization study, upper one represents
pHT105-GFP-BUD31 which express GFP-BUD31 fusion protein and the
lower one represents pHT105-GFP express GFP controlled by a AHD1
promoter. (B). GFP-BUD31 fusion protein showed a nuclear localization, Scale
bars, 10 pm.
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Figure 4.2 Characterization of Yeast Bud31p.

(A). Microtubules structure in bud314 and wide type strain. Scale bars,
10um. (B). Total protein profile of bud314 and wide type strain.



4.1.3. Total protein profile of yeast mutant bud314 and WT

As Bud31p was reported to be involved in mRNA splicing, genes with introns are
potential downstream genes of Bud31p. Total protein extraction, SDS-PAGE gel
electrophoresis and Coomassie blue staining was performed as described in Chapter 2
to investigate whether protein expression profile of bud314 has a dramatic difference
compared with WT. The results were showed in Figure 4.2.B. There is no obvious

difference of protein bands between bud314 and WT.

4.2. Yeast mutant bud314 showed a decreased competency to receive

Agrobacterium- delivered T-DNA

In order to investigate the reason of decreased AMT efficiency in bud314, the
Agrobacterium delivered T-DNA in receipt cells was detected and quantified as
described in Chapter 2.6. To only examine the delivered T-DNA, Agrobacterium strain
EHA105 (pHT101-2p") was used to perform AMT in this study. The pHT101-2y
plasmid was pHT101 derivative without 2p origin. 2 origin contains an autonomous
replication sequence together with related genes. Without 2 origin, the plasmid cannot
self-maintain in recipient yeast cells by cyclization so that only Agrobacterium
delivered T-DNA is detected in this experiment.

Cocultivated mixtures were washed off from the CM plate and employed repeated
differential centrifugation to remove Agrobacterium cells as much as possible. After
extracting total DNA, real-time PCR was performed to quantify the amount of T-DNA
received in yeast cells. For real-time PCR, three pairs of primers were designed to
detect Ti plasmid (VirE2-F and VirE2-R), T-DNA (URA3-F and URA3-R) and yeast
genome (PMP3-F and PMP3-R), respectively. As Agrobacterium is attached to host

cells through T4SS, repeated differential centrifugation, frozen-thawed and lysozyme
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treatment cannot remove Agrobacterium cells in cocultivation mixture completely.
Therefore, a pair of primers detecting Ti plasmid (VirE2-F and VirE2-R) was used in
this experiment to deduct contaminant amount from total detected T-DNA.

Real-time PCR data was analyzed by 244¢T

method and the quantification results
were showed in Figure 4.3. Clearly, bud314 showed three times decreased of T-DNA
level compared to wild type yeast strain. In LiAc transformation or electroporation
transformation, the amount of input DNA affects transformation efficiency
significantly. Under the same experimental condition, DNA input amount and
transformation efficiency showing a positively correlated pattern (YYang 2013). Taken
together, T-DNA uptake process was affected in bud314; a knockout of Bud31p caused
3-folds decreased competency to Agrobacterium-mediated delivery of T-DNA. The

decreased transformation efficiency of bud314 could be ascribed to the reduced

cellular T-DNA level in receipt cells.

1.2
1.0 4
0.8 4
0.6 1

0.4 1

Fold Difference

0.2 4

0.0

bud3iA

Figure 4.3. Real-time PCR analysis of T-DNA delivery.

Yeast mutant bud314 showed a decreased competency to receive
Agrobacterium-delivered T-DNA compared to WT.
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4.3. Yeast mutant bud314 showed a decreased competency to receive

Agrobacterium-delivered VirE2

Besides T-DNA, Agrobacterium transfer a large amount of virulence proteins into
host cells through Type IV secretion system. Virulence proteins translocation is a
critical stage in AMT. As yeast mutant bud314 showed a decreased competency to
receive Agrobacterium-delivered T-DNA, it became a question that whether the
virulence protein translocation is also affected by the deletion of BUD31.

Among Agrobacterium delivered virulence proteins, VirE2 is the most abundant
protein. Therefore, a Split-GFP detection assay was employed in this study to directly
visualize VirE2 in yeast cells in vivo and investigate the virulence protein delivery in
wild type yeast and mutant.

Briefly, GFP was divided into two non-florescent fragments including a small
fragment (GFP11) and a large fragment (GFP1-10). GFP11 was inserted into a
permissive site (Pro54) of VirE2. After delivery of GFP11 fused VirE2 into recipient
cells such as yeast, GFP1-10 fragment would recognize and bind to virE2::GFP11 to
emit green fluorescent signal (Figure 4.4.A, B). Therefore, yeast cells with delivered
VIirE2 can be directly visualized and calculated.

The AMT experiments were following standard AMT protocol descried in
Chapter 2.5. pQH04-S1-10 was respectively introduced into yeast bud314, snt3094,
syf24 and wild type strain to express VirE2 S1-10 fragment in yeast. Agrobacterium
EHA105virE2::GFP11 was correspondingly cocultivated with yeast bud314, snt3094,
syf24 and wild type strain containing VirE2 S1-10 big fragment, respectively.
Cocultivation mixture was washed off from CM plates after 24 hours and observed
under a fluorescence microscope.

Although VIrE2 is not required for Agrobacterium-yeast transformation, the
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deletion of VirE2 will cause the decreased transformation efficiency (Rossi, Hohn et al.
1996). EHA105virE2::GFP11 was proved to have full virulence compared with its
wild type EHAL05 (Li, Yang et al. 2014), thus the VirE2 function was not disrupted by

VirE2-GFP11 fusion.

1 215 231
A i/
GFPH0 7 GFP1L.
1 54" 55 549
VirE2-GFP1 [+ ] ]
B . . .
Agrobacterium Recipient cells

- N
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@ ©
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Figure 4.4. A split-GFP assay for visualization of VirE2 inside recipient cells.

(A). Construction of the VirE2-GFP11 fusion. The GFP11 was inserted into virE2 at a
permissive site Pro54; Cited from (Li, Yang et al. 2014). (B) Schematic diagram for the
visualization of Agrobacterium tumefaciens VirE2 delivered into recipient cells.



Figure 4.5.A showed that cells with green spots which represent VirE2-GFP
complex were reduced by deletion of BUD31 and SNT309. On the other hand, deletion
of SYF2 increased the number of cells with GFP translocation signals. Yeast cells of
three mutants with GFP signal in five random fields captured by fluorescence
microscope were counted and compared with wild type. As shown in Figure 4.5.B, after
24 hours cocultivation, bud314 and snt3094 showed two times decreased percentage of
GFP positive cells while syf24 showed two times increased delivery of VirE2 compared
with wild type. These results indicate that the VirE2 protein delivery process was
affected in bud314, snt3094 and syf24.

T4SS was employed in Agrobacterium-mediated transformation to deliver both
T-DNA and virulence proteins. Due to the decreased competency of T-DNA and VirE2
delivery in bud314, the deletion of Bud31lp may affect the whole T4SS and other

substrates. This could be the reason for decreased transformation efficiency in bud314.
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Figure 4.5. Yeast mutant bud314 showed a decreased competency to receive
Agrobacterium-delivered VirE2.

(A). Cocultivation cells were harvested and observed under a fluorescence microscope,
Scale bar, 10 um. (B). Percentages of cells with VirE2 delivery in three mutants and wild
type strain.
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4.4. VirD2 nuclear localization process was not affected in yeast

mutant bud314

VirD2 is required for T-complex formation and T-complex nucleus targeting
during AMT process. Both of these steps are crucial for transformation which means
AMT efficiency will change if these steps were affected. In order to investigate whether
nucleus targeting of VirD2 could be affected in bud314, a GFP-VirD2 expression and
localization assay was performed.

Yeast wild type strain and bud314 were transformed with pYES2-GFP-VirD2 and
PYES2-GFP plasmid, respectively. The expression of GFP-VirD2 fusion protein or
GFP protein was controlled by inducible promoter Gall (Figure 4.6.A). After induction,
GFP-VirD2 was expressed in cytoplasm and localized into nucleus.

Yeast wild type strain and bud314 containing pYES2-GFP-VirD2/ pYES2-GFP
were grown in SD Ura’ liquid medium overnight. The yeast cells was harvested and
washed before subcultured in SD Gal Ura™ liquid medium. Yeast wild type and mutant
cells were collected after galactose inducing at different time points. Then the cells
were fixed with 4% paraformaldehyde and stained with DAPI. Afterwards, the cells
were applied to fluorescence microscope for observation.

Figure 4.6.B showed the nuclear localization of GFP-VirD2 at different time
points after galactose induction. Figure 4.6.D showed the corresponding quantitative
data. Yeast cells with accumulated GFP signal in nucleus would be counted as positive.
Both image results and quantitative data suggested that compared to WT, GFP
expression was delayed in bud314 nucleus at early stage (4 hours post induction, 2.6%
in mutant versus 15% in WT). This indicated that VirD2 may enter the nucleus slower
in bud314 than in WT after induction of galactose.

However, GFP expression needs to be considered as a control. Figure 4.6.C and
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Figure 4.6.E showed the GFP expression was delayed at the four and eight hour time
points in bud314 as well (4 hours post induction, 6% in mutant versus 37% in WT).
These results suggested that the lower GFP-VirD2 nucleus co-localization signal in
bud314 may result from the delay of GFP gene expression and the VirD2 nucleus

targeting process is not affected in yeast mutant bud314.
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Figure 4.6. VirD2 nucleus targeting process is not affected in yeast mutant bud314.

(A). Plasmids used in the VirD2 nucleus localization study, upper one represents
pYES2-GFP-VirD2 and the lower one represents pYES2-GFP, respectively. (B). Nuclear
localization of GFP-VirD2 in bud314 and WT; Scale bar, 10 um. (C). GFP expression in
bud314 and WT; Scale bar, 10 um. (D) Percentage of cells with GFP in nucleus at
different time points when expressing GFP-VirD2. (E). Percentage of GFP positive cells
at different time points when expressing GFP.
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4.5. Integration of T-DNA was not affected in yeast mutant bud314

Three binary vectors based on mini binary vector pCB301 were designed to
generate information on the fate of T-DNA in transforments’ genome (Yang 2013).
pQH302 generates a T-DNA containing a URA3 marker, which can be randomly
inserted into yeast genome through NHEJ only. pQH303 generates a T-DNA containing
a URAS3 flanked by homologous arms cloned from LYS2 locus, which can be targeted
into LYS2 locus through HR. pQH304 generates a T-DNA containing a 2u origin in
addition of URA3, which is self-maintained in recipient yeast cells after cyclization
(Figure 4.7.A).

Three A. tumefaciens strain EHA105 (pQH302), EHA105 (pQH303) and
EHAL105 (pQH304) were used to perform standard AMT protocol. Transformation
efficiency results were shown in Figure 4.7.B.

In plant species, T-DNA was found to predominately integrate into plant genome
via NHEJ. However, in yeast, the major event of T-DNA integration is through HR
(Offringa, De Groot et al. 1990; Bundock, den Dulk-Ras et al. 1995; Bundock and
Hooykaas 1996). Consistent with previous report, transforments of EHA105 (pQH302)
had extremely low efficiency indicating the integration via NEHJ is hardly to detect in
yeast.

By using pQH304, bud31A showed deceased AMT efficiency compared to WT,
displaying similar effect as pHT101 (Figure 3.1). In this case, T-DNA fate was
autonomous replication. However, by using pQH303, deletion of BUD31 showed no
effect compared with WT. These results suggested that deletion of BUD31 did not

affect T-DNA integrated into yeast genome through HR.
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Figure 4.7. Integration of T-DNA was not affected in yeast mutant bud314.

(A). Plasmids used in integration study are based on mini binary vector pCB301.
pQH302 can be integrated into genome through NEHJ; pQH303 can be targeted into
LYS2 locus through HR; pQH304 is capable of self-maintaining in yeast after
cyclization; cited from (Yang 2013). (B). AMT efficiency of yeast mutant bud314
and wild type strain BY4741 with A. tumefaciens strain EHA105 (pQH302),
EHA105 (pQH303) and EHA105 (pQH304), * P < 0.05.
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4.6. Discussion

Previous data showed a significantly deceased AMT efficiency of bud314,
suggesting an involvement of Bud31p in Agrobacterium-yeast gene transfer. The
question is: what is the role of Bud31p in AMT process? How Bud31p regulate
AMT process?

As reviewed in Chapter 1, host factors involved in AMT may affect following
four steps in AMT process: cell attachment, virulence factors transfer, T-DNA
trafficking and T-DNA integration.

For virulence factor transfer step, bud314 showed 3-fold decrease in competency
to receive T-DNA and 2-fold decrease in competency to receive VirE2. The decreased
AMT efficiency bud314 is probably caused by the deceased competency to receive
T-DNA and VirE2 protein.

For T-DNA trafficking step, VirD2 nuclear localization was investigated in both
wild type stain and bud314. VirD2 can covalently bind to T-DNA and lead it travel
through cytoplasm to nucleus. The time course results showed that at early stage,
bud314 had less VirD2-GFP signal accumulated in nucleus. However, consider the
GFP gene expression was also delayed in cytoplasm, the lower GFP-VirD2 nucleus
localization signal in bud314 may be due to the delay of GFP gene expression.
Therefore, | cannot conclude the VirD2 nuclear targeting process was affected by the
deletion of Bud31p. T-DNA detection by fluorescent in situ hybridization (FISH) was
also performed, but the percentage of cells having FISH signal was too low to provide
meaningful results.

For T-DNA integration step, two major pathways for T-DNA integration are
homologous recombination (HR) and non-homologous end joining (NHEJ). In yeast,

HR was reported to be the predominant pathway for T-DNA integration. Deletion of

83



BUD31 neither affects T-DNA integrated into yeast genome through NEHJ nor
through HR. In conclusion, integration of T-DNA was not affected in bud314.
In this study, cell attachment step was not included.

A diagram to summarize the role of Bud31p on AMT was showed in Figure 4.8.

. bud31A

[\
@
°9

A~ TDNA SVirE2 [ )virD2 g@;%%-f-’f-complex

Figure 4.8. Summary of the role of yeast BUD31 on AMT.

Decreased T-DNA delivery
Decreased VirE2 delivery

No effect on VirD2 nuclear targeting
No effect on T-DNA integration.

A wWwDN
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In Chapter 3, AMT efficiency tests of genes related to Bud31p suggested an
involvement of NineTeen Complex (NTC) during AMT process. NTC has eight core
proteins and many associated proteins. One interesting phenomenon is that deletion of
NTC core proteins Syf2p and Snt309p had opposite effect on AMT. A knockout of
Syf2p caused dramatically increased transformation efficiency, while a knockout of
Snt309p showed deceased transformation efficiency. In addition, deletion of Bud31p,
a NTC associated protein, showed similar effect as Snt309p.

As a splicing factor, Bud31p has been reported to involve in other cellular
process such as cell division and DNA repair. There are two possibilities to explain
additional functions of splicing factors. Firstly, the splicing factor could directly
involve in another different cellular process besides splicing. On the other hand, it
may have effects on gene expression required for other cellular pathway; therefore
have indirect effects on this pathway.

In previous literature, in order to link BUD31 function in cell division with
splicing, splicing status of several budding function related genes was analyzed in
BUD31 deletion mutant. All these pre-mRNA were intron contained. Among them,
splicing of SRC1 and ARP2 were restricted in bud314. However, transcripts of other
genes involved in budding function (PFY1, YSC84 and SAC6) were not significantly
altered. These results suggested that Bud31p promotes efficient splicing of only some
pre-mRNAs, but not all of them (Saha, Banerjee et al. 2012).

Therefore, in this study, we propose an assumption to explain the opposite effects
of NTC proteins on Agrobacterium-mediated transformation. There may be unknown
protein(s) directly function in AMT, lack of which will cause disrupted AMT.
Expression of this intron containing protein(s) is regulated by NTC proteins.
Bud31p/Snt309p acts as enhancer. Deletion of them causes inefficient splicing of this

protein(s), therefore lead to reduced AMT efficiency. In addition, Syf2p acts as
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inhibitor, deletion of which causes overexpression of this protein(s), leading to
enhanced AMT efficiency. Definitely, there is another possibility that this unknown
protein(s) works as AMT inhibitor. Existing of Bud31p/Snt309p caused down

expression of this protein(s) to facilitate AMT process.
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Chapter 5. Effects of Bud31p plant homolog in

Agrobacterium-meditated transformation

5.1. Bud31p is conserved across eukaryotes

Deletion of Bud31p showed a significant deceased AMT efficiency in yeast due to
the reduced competency to receive T-DNA and virulence protein VirE2. It became
interesting to know the role of Bud3lp homolog in Agrobacterium-plant
transformation.

Bud31p is a conserved protein across eukaryotes (Figure 5.1). S. cerevisiae
Bud31p sequence was found to have 51% identity with the G10 gene product of
Xenopus laevis (Benit, Chanet et al. 1992). Human and Arabidopsis thaliana homolog
of Bud31p also shared 50% identity with yeast Bud31p (Hla, Jackson et al. 1995). The
high identity between Bud31p homologs showed that this gene is conserved among

different species during evolution.
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Figure 5.1 Bud31p is conserved across eukaryotes.

Amino acid sequence alignment was generated by Clustalw2 (http://www.clustal.org/clustal2/) and formatted by ESPript
(http://espript.ibcp.fr/ESPript/ESPript/); identical amino acids are shaded in red and conservative substitutions are shaded in yellow.
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5.2. Bud31p Homolog of Arabidopsis thaliana

As natural host, plant is important aspect to study host factor regulated AMT
process. Therefore, it is meaningful to investigate if Bud31p plant homolog has similar
effect on AMT as in yeast. With a short life term and available genome sequence data,
Arabidopsis thaliana is one of the most frequently-used model organisms in plant
biology study. AT4G21110, the A. thaliana homolog of S. cerevisiae BUD31, shared 50%
identity with yeast Bud31p. This locus is described as a G10 family protein with

unknown function.

5.3.1. Expression pattern of Arabidopsis AT4G21110 upon agroinfection

Plant cells employ variety of genes in response to environmental stresses,
including biotic and abiotic stresses. In order to investigate whether Bud31p and its
Arabidopsis homolog AT4G21110 directly regulated by plant stress responses,
expression pattern of Bud3lp and its Arabidopsis homolog AT4G21110 upon
agrobacterium infection was employed.

For Arabidopsis, agroinfiltration was performed as described in Chapter 2.10.
Agrobacterium strain EHA105 was grown overnight and subcultured until ODgyo =1.0.
The cells were harvest and resuspended in infiltration buffer to a final concentration
of ODgno=1.0. The cell suspension was infiltrated to the lower side of Arabidopsis
leaves (Col-0) by a syringe. Infiltrating the same plant with infiltration buffer was
used as control. The Arabidopsis leaves were cut at 12, 24, 36 and 48 hours after
infiltration. RNA extraction and real-time RT-PCR were performed as described in
Chapter 2. The Arabidopsis UBQ10 gene product was used as control.

For yeast, yeast strain BY4741 was cocultivated with Agrobacterium strain

EHAL05 as described in Chapter 2.5. Agrobacterium strain EHA105 was grown
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overnight and induced in IBPO4 with AS. BY4741 cells were grown overnight and
subcultured until ODgyp=0.35. The yeast cells and Agrobacterium cells were mixed at
1:200 and drop on CM plates. The cell mixture was washed off from CM plates 12
and 24 hours after cocultivation. RNA extraction and real-time RT-PCR were
performed as described in Chapter 2. Yeast ACT1 gene transcripts was used as control.

Primers used in this section were listed in Table 2.4. The results were showed in
Figure 5.2. The expression of Arabidopsis AT4G21110 did not have significant change
at different time point after agroinfiltration (Figure 5.2.A). Transcription level of
Bud31p was stable in yeast upon agroinfection as well (Figure 5.2.B). These results
suggested that the expression of Bud3lp and its homolog did not respond to

agroinfection.

5.3.2. Genotyping of AT4G21110 T-DNA insertion lines

In order to test AMT of loss-of-function mutants, T-DNA insertion lines were
obtained from ABRC collection (http://www.arabidopsis.org/). After exaction of total
RNA from Arabidopsis leaves as described in Chapter 2.3.2, RT-PCR was used to
detect transcriptional product of Bud3lp homolog in these lines. AT4G21110
transcriptional product can be detected in all available lines including SALK_001179,
SALK 035046, SALK 072062, SALK 108840, SALK_ 116000 and SAIL_202_HO07

(data not shown). Therefore, none of these lines is AT4G21110 knockout mutant.
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Figure 5.2. Expression patterns of A. thaliana AT4G21110 and S. cerevisiae
Bud31p upon agroinfection.

(A). Expressions of A. thaliana AT4G21110 was not affected upon agroinfection;
The Arabidopsis UBQ10 gene was used as reference gene. (B). An expression of
S. cerevisiae Bud31p was not affected upon agroinfection; The yeast ACT1 gene
was used as reference gene.
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5.3. Bud31p Homolog of Nicotiana benthamiana

After performing genotyping for all available A. thaliana AT4G21110 T-DNA
insertion lines, none AT4G21110 knockout mutant was found. Therefore, we turned to
generate Bud31p homolog silencing plant by virus-induced gene silencing (VIGS) in N.
benthamiana.

Although there is no completed available genome sequence data of N.
benthamiana, a draft genome sequence can be used in this study to search Bud31p
homolog (Knapp, Chase et al. 2004; Goodin, Zaitlin et al. 2008; Bombarely, Rosli et
al. 2012).

There are two isoforms of N. benthamiana Bud31p Homolog found in draft
genome  sequence for N. benthamiana  (cDNA  sequence  from
http://solgenomics.net/organism/Nicotiana_benthamiana/genome). The upper isoform
is same as what cloned from N. benthamiana cDNA. The lower one is unlikely to be
translated (Figure 5.3). Therefore, the upper isoform was named NbBUD31. Alignment
of the cDNA sequence of NoBUD31 and AT4G21110 showed 80% identity, indicating

that Bud31p is a highly conserved gene in plant (Figure 5.4).
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Figure 5.3. cDNA sequence alignment of predicted two isoforms of NoBUD31.

cDNA sequence alignment was generated by Clustalw?2
(http://www.clustal.org/clustal2/) and formatted by ESPript

(http://espript.ibcp.fr/ESPript/ESPript/); identical bases are shaded in red; VIGS
target gene fragment are underlined.
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Figure 5.4. cDNA sequence comparison of predicted N. benthamiana NbBUD31
and A. thaliana AT4G21110.

cDNA sequence alignment was generated by Clustalw?2
(http://www.clustal.org/clustal2/) and formatted by ESPript
(http://espript.ibcp.fr/ESPript/ESPript/); identical bases are shaded in red.
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5.4. Generation of NbBUD31-silencing plant by virus-induced gene

silencing (VIGYS)

Virus induced gene silencing (VIGS) was adopted in this study to generate
NbBUD31 silencing N. Benthamiana. VIGS mechanism is described as the fact that
plant cell could specifically target against the viral genome to protect plant when plants
were infected with unmodified viruses. Virus vectors carrying inserts from host genes
can target against the corresponding mRNAs, therefore generating gene knock-down
plant. VIGS has become a powerful method to study gene function in plants (Lu,
Martin-Hernandez et al. 2003)

The TRV based VIGS approach was performed as described in Chapter 2.8.
Briefly, overlapping part of two isoforms of NbBUD31 (~220 bp, underlined region in
Figure 5.3) was cloned into binary VIGS vector TRV2. pTRV1, pTRV2 and
pTRV2-NbBUD31 were introduced into Agrobacterium strain GV3101 by
electroporation, respectively. Agrobacterium strain GV3101 containing pTRV1,
pTRV2 and pTRV2-NbBUD31 plasmids were grown overnight and suspended in
infiltration buffer to a final concentration of ODgy=0.8. Bacteria culture containing
pTRV1 was mixed with equal volume of bacteria culture containing pTRV2 or
pTRV2-NbBUD31, respectively. Agrobacterium mixture was infiltrated onto the lower
leaf of 4-leaf stage N. benthamiana plants(Anand, Vaghchhipawala et al. 2007).

After total RNA extraction from upper leaves of gene silenced plants
(TRV::NbBUD31), empty vector control plants (TRV::00) and untreated plants (WT),
real-time PCR was performed to detect the transcriptional level of NbBUD31. To
ensure the endogenous gene is tested, real-time PCR primers were design to anneal
outside the region targeted for silencing. N. Benthamiana EF-1 gene was used as

reference gene.
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Figure 5.5.A showed the plants three weeks post VIGS. TRV::00 and
TRV::NbBUD31 displayed slower growth rate compared with WT, which may be
caused by the virus infection. Comparing the NbBUD31 transcriptional level in WT and
TRV::00, it showed that virus infection would not change the transcriptional level of
NbBUD31 (Figure 5.5.B). For silenced plants (TRV::NbBUD31), transcriptional level
of NbBUD31 was suppressed by 100 times compared to TRV::00 and WT. Moreover,
this gene silencing effect could last at least for four weeks (4-8 weeks post VIGS).

Taking together, transcriptional level of NbBUD31 was suppressed in

TRV::NbBUD3L1. The silencing plant by VIGS was adopted for further study.
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Figure 5.5. Effect of VIGS on N. benthamiana.

(A). Untreated plant (WT), empty vector control plant (TRV::00) and gene
silenced plant (TRV::NbBUD?31) three weeks after VIGS infiltration. (B).
Relative transcriptional level of NbBUD31 in WT, TRV::00 and
TRV::NbBUD31 plant at 4 weeks and 8 weeks post VIGS infiltration;
Transcription of NbBUD31 was suppressed in TRV::NbBUD31. * P < 0.05.
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5.5. Silencing of NbBUD31 did not affect tumor formation

After NbBUD31 silenced plant was generated, the susceptibility of NbBUD31
silenced plant to AMT was examined. Two tumorigenesis assays were performed as

described in Chapter 2.9.

5.5.1. In planta tumorigenesis on silenced plants

Three weeks after VIGS, the stem of the plant was punctured by a needle. A.
tumefaciens A348 was inoculated onto stem wound by the same needle. The crown gall
tumor was observed four weeks and seven weeks post-agroinoculation. According to
Figure 5.6.A, there is no significant difference in the size of tumors among WT,
TRV::00 and TRV::NbBUD31 at 4 weeks and 7 weeks after Agrobacterium A348

inoculation.

5.5.2. Leaf-disk tumorigenesis on silenced plants

For leaf-disk tumorigenesis assay, leaves from NbBUD31 silenced plant
(TRV::NbBUD31); control plants (TRV::00) and untreated plants (WT) were collected
three weeks after VIGS infiltration. The leaves were punched into disks and
cocultivated with A. tumefaciens strain A348 on MS medium. After two days, the leaf
disks were transferred to MS medium with Cef to kill extra bacteria. The plate was
incubated at 20<C in darkness for four weeks for tumor formation. The total biomass of
the leaf was measured by weighing the fresh and dry weights of leaf disks (Anand,
Vaghchhipawala et al. 2007).

Leaf-disk tumorigenesis results showed that TRV::00 and TRV::NbBUD31
formed mildly smaller tumors compared with WT. Due to the slow growth rate of

TRV::00 and TRV::NbBUD31, it was reasonable that the tumor growth in TRV::00 and
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TRV::NbBUD31 was slightly lower than in WT. However, there was no obvious
difference in tumor growth between TRV::00 and TRV::NbBUD31 (Figure 5.6.B).

Figure 5.6.C and Figure 5.6.D showed the quantitative results of leaf-disk
tumorigenesis. There was no statistically significant difference (p>0.1, student's t-test)
between TRV::00 and TRV::NbBUD31. These results were consistent with previous
observation in Figure 5.6.B. In conclusion, in planta tumorigenesis and leaf-disk
tumorigenesis experiment both showed silencing of NbBUD31 did not affect tumor

formation in AMT of N. Benthamiana.
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Figure 5.6. Silencing of NbBUD31 did not affect tumor formation in AMT.

(A). In planta tumorigenesis on the silenced plants. Photo was taken four weeks and
seven weeks after A. tumefaciens A348 infection, respectively. (B). Leaf-disk
tumorigenesis on the silenced plants. Photo was taken four weeks after inoculation
of A. tumefaciens A348. (C) and (D). Quantification of the relative biomass of leaf
disks with tumors. The fresh (C) and dry (D) weights of the leaf disks with tumors
were measured four weeks after inoculation of A. tumefaciens A348.
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5.6. Silencing of NbBUD31 did not affect transient expression and

VIirE2 translocation

5.6.1. Transient expression on silenced plants

A time course of transient expression in N. benthamiana was performed to
investigate whether the silencing of NbBUD31 affects transient expression efficiency
of AMT. In this study, A. tumefaciens EHA105 (pQH308) was employed for
transiently expressing DsRed driven by 35S promoter in N. benthamiana leaves (Yang
2013). A. tumefaciens EHA105 (pQH308) was inoculated in LB medium and grew
overnight. The bacteria cells were collected, washed and resuspended in infiltration
buffer to ODggo = 1.0. Cell suspension was infiltrated into lower side of N. benthamiana
leaves by a syringe (WT, TRV::00 and TRV::NbBUD31, respectively).

At 12, 24, 36 and 48 hours post-infiltration, leaf epidermal cells were observed
under confocal microscope and the results were showed in Figure 5.7. The fluorescence
mean intensity of DsRed was automatically quantified by ImageJ.

Images and quantitative results both suggested that compared to WT,
TRV::NbBUD31 showed no significant difference in transient expression level,
indicating that silencing of NbBUD31 did not have effects on transient expression.
TRV::00 showed deceased transient expression compared to WT and TRV::NbBUD31,

which may be caused by the low growth rate of TRV::00 (Figure 5.7.C).
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Figure 5.7. Silencing of NbBUD31 did not affect transient expression.

(A). A. tumefaciens EHA105 (pQH308) was used in transient expression assay
for transient expressing DsRed driven by 35S promoter. (B). Transient
expression on silenced plant. Leaf epidermal cells were observed under confocal
microscope 12, 24, 36 and 48 h post-infiltration, Scale bar, 50 um. (C).
Quantification of transient expression on silenced plant. Fluorescence intensity of
DsRed was quantified by ImageJ.
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5.6.2. VIrE2 translocation on silenced plants

During AMT process, alterative virulence protein translocation can affect
transformation efficiency dramatically. In this section, time course experiment of
VirE2 translocation in N. benthamiana was performed to study the effect of silencing of
NbBUD31 on VirE2 delivery during AMT process.

Agrobacterium EHAL105virE2::GFP11 cells were infiltrated into transgenic N.
benthamiana (Nb308A) leaves expressing both GFP1-10 and DsRed. The leaves were
observed under confocal microscope at 12, 24, 36 and 48 h post-agroinfiltration.

When VirE2-GFP11 was translocate into the plant cells, GFP1-10 fragment bound
to VIrE2-GFP11, then green fluorescence signals (VirE2-GFP complex) can be
observed under a confocal microscope. The results were showed in Figure 5.8.B. GFP
fluorescence intensity was quantified by ImageJ and the results were showed in Figure
5.8.C.

Both images and quantitative results suggested that the VirE2 delivery was not

affected by silencing of NoBUD31.
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Figure 5.8. Silencing of NbBUD31 did not affect VirE2 translocation.

(A) Transgenic N. benthamiana (Nb308A) expressing both GFP1-10 and DsRed
was used in VirE2 translocation assay. (B) VirE2 translocation on silenced
plant. A. tumefaciens EHA105virE2::GFP11 were infiltrated into transgenic N.
benthamiana (Nb308A). Leaf epidermal cells were observed under confocal
microscope 12, 24, 36 and 48 h post-infiltration; Scale bar, 50 um. (C)
Quantification of VirE2 translocation on silenced plant. The fluorescence mean
intensity of GFP was quantified by ImageJ.
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5.7. NbBUD31 did not show specific sub-cellular localization in

N. benthamiana.

As reported in Chapter 4.1.1, BUD31-GFP fusion protein showed nucleus
localization in yeast cells. In order to locate NbBUD31 inside N. benthamiana cells,
NbBUD31 was fused with GFP at C-terminus and N-terminus, and then cloned into
binary vector pQH121, respectively. The plasmid pQH121-GFP expressing GFP was
used as a control (Figure 5.9.A). Agrobacterium EHA105 (pQH121-GFP), EHA105
(pQH121-NbBUD31-GFP) and EHA105 (pQH121-GFP-NbBUD31) was grown
overnight and infiltrated into transgenic N. benthamiana (Nb308A) leaves expressing
both GFP1-10 and DsRed. DsRed expression is useful for visualization of cellular
locations.

According to Figure 5.9.B, fusion protein GFP-NbBUD31 and NbBUD31-GFP
did not show altered localization and expression pattern compared to GFP protein. As
NbBUD31-GFP showed lower GFP intensity compared with GFP and GFP-NbBUD31,
fusing NbBUD31 with GFP at C- terminus might affect GFP structure slightly.

In summary, NbBUD31 did not show specific sub-cellular localization in

N. benthamiana.
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Figure 5.9. Localization of N. benthamiana NbBUD31 with GFP reporter.

(A). Plasmids used in localization study: upper one represents pHT121-GFP which
only express GFP as a control; middle one and lower one represent
pHT121-GFP-NbBD31 and pHT105- NbBD31-GFP in which GFP was fused with
NbBUD?31 at C- terminus and N- terminus, respectively. (B). Localization of N.
benthamiana NbBUD31 with GFP reporter; Leaf epidermal cells were observed
under confocal microscope 24 h post-infiltration; Scale bars, 20 pm.
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5.8. Discussion

Bud31p is a conserved protein across eukaryotes during evolution. S. cerevisiae
Bud31p is found to have about 50% homology with G10 protein of Xenopus laevis,
edg-2 of Homo sapiens and AT4G21110 of Arabidopsis thaliana (Benit, Chanet et al.
1992; Hla, Jackson et al. 1995). Investigating the effect of Bud31p homolog on AMT
process in natural host plant could help to reveal the role of Bud31p in AMT.

Arabidopsis thaliana AT4G21110 is homologous to yeast BUD31. However,
genotyping results showed none of available T-DNA insertion lines is AT4G21110
knockout mutant. Nicotiana benthamiana has BUD31 homolog shared 80% identity
with Arabidopsis thaliana. Therefore, virus-induced gene silencing (VIGS) was
performed to generate NbBUD31 silencing plant. Transcriptional level of NbBUD31
was suppressed in silenced plant, and this silencing effect could last at least for four
weeks.

In planta tumorigenesis and leaf-disk tumorigenesis results showed that silencing
of NbBUD31 did not affect tumor formation. Transient expression and VirE2 delivery
was not affected on silenced plants as well. In addition, different from yeast Bud31p,
NbBUD31 did not show specific sub-cellular localization in N. benthamiana.

So the follow up question is: why are there different effects of BUD31 and
NbBUD31 on AMT process in yeast and plant?

One possibility is that there is no completed available genome sequence data of N.
benthamiana; only a draft genome sequence is available. Therefore, there may be
redundant gene which has not been identified.

Secondly, the function of Bud31p may alter in N. benthamiana compared to yeast.
BUD31 was found to bind androgen receptor (AR) in human prostate cancer cell and

suppress AR-mediated prostate cancer growth (Hsu, Liu et al. 2014). These results
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indicated multi-function of Bud31p. Some of the functions may not be identified yet.
In yeast system, Bud31p showed to locate in nucleus. However, different from yeast,
NbBUD31 did not show specific sub-cellular localization in N. benthamiana which
indicating an altered localization and maybe altered function of NbBUD3L1.

Last but not least, T-DNA delivery and virulence protein translocation may not be
limiting factors in natural host plant. In yeast system, deletion of Bud31p decreased
3-fold in competency to receive T-DNA and 2-fold to receive VirE2, with a 10-fold
decrease in AMT efficiency. However, due to different transformation mechanism,
T4SS is highly efficient to deliver virulence protein and T-DNA in plant. VirE2
delivery efficiency and transient transformation efficiency is 100% in N. benthamiana
(Figure 5.7, Figure 5.8). Meanwhile, VirE2 delivery efficiency and transformation
efficiency is 10% (Figure 4.5) and 0.1% (Figure 3.1) in S. cerevisiae. T-complex
trafficking and T-DNA integration may be more critical in Agrobacterium-plant
transformation. In yeast, BUD31 showed no effect on T-DNA integration. Its homolog

might not affect integration of T-DNA in plant as well.
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Chapter 6. General conclusions and future prospects

6.1. General conclusions

For a long period of time, Agrobacterium-mediated transformation was the only
known case of inter-kingdom DNA transfer in nature. Besides natural host plant,
Agrobacterium can transfer a single-stranded DNA into many species including yeast
under laboratory condition. Although the transformation process inside bacteria has
been well studied, the process inside the host cells remains unclear. This study aims to
use Saccharomyces cerevisiae as a model to study host factors involved in
transformation process and investigate the role of these factors in AMT.

Based on genome wide screening data generated by Tu (Tu 2010), a small scale
screening was performed. Among them, yeast NineTeen Complex (NTC) and its
associated Bud31p were found to play important role in Agrobacterium-mediated
transformation  process. Deletion of yeast BUD31 showed decreased
Agrobacterium-mediated transformation efficiency. Interestingly, two NTC core
proteins, Syf2p and Snt309p, had opposite effect on AMT. Deletion of SYF2
dramatically increased the transformation efficiency, while deletion of SNT309
reduced the transformation efficiency.

To investigate the role of Bud3lp on Agrobacterium-yeast gene transfer,
virulence factors delivery, VirD2 intracellular trafficking and T-DNA integration were
analyzed in both yeast wild type stain and bud314. Yeast mutant bud314 showed
3-fold decrease in competency to receive T-DNA and 2-fold decrease in competency
to receive VIirE2 during AMT process. The decreased AMT efficiency of bud3iA
probably attributes to the deceased competency to receive T-DNA and VirE2 protein.
In addition, neither VirD2 nuclear targeting process nor T-DNA integration process

showed to be affected in bud314.
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Sequence analysis showed Bud31p protein is highly conserved among many
species. In order to reveal the role of Bud31p in AMT, the effect of Bud31p plant
homolog on AMT was investigated. NobBUD3L1 silencing Nicotiana benthamiana was
generated by VIGS. Silencing of NbBUD31 in Nicotiana benthamiana did not affect
tumor formation, transient expression and VirE2 delivery during AMT process. The
different effect of Bud31p and its plant homolog on AMT suggested a different
pathway of AMT in nature host plant from yeast.

To the best of our knowledge, it is the first to report the involvement of yeast
NineTeen Complex and its associated BUD31 in AMT process and also the first to
report that deletion of BUD31 caused reduced competency to receive Agrobacterium
delivered T-DNA and VirE2 protein. This finding helps in understanding the
relationship between T-DNA/virulence protein delivery and Agrobacterium-mediated

transformation efficiency.

6.2. Future prospects

Although the role of BUD31 in Agrobacterium-mediated transformation was
examined, the detail effects of other components of NTC involved in AMT were not
studied carefully. The future study could investigate the detail function of other NTC
proteins in AMT, e.g. SNT309 and SYF2.

According to current results, the decreased AMT efficiency of bud314 probably
ascribes to reduced competency to Agrobacterium delivery of T-DNA and virulence
proteins. As a splicing factor, BUD31 might directly involve in AMT process besides
splicing; more likely, BUD31 may have effects on gene expression required for AMT
pathway. Genes with introns are potential downstream gene of BUD31l. AMT
efficiency of some of these mutants has been roughly tested. However, more effort is

needed to identify downstream genes of BUD31 and investigate their role on AMT
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process.
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