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Peroxisome biogenesis is complex, involving a diverse array of intracellular pathways and
mechanisms that mediate their biogenesis and cellular functions. Relevant to our understanding of
peroxisome biogenesis is the utilization of peroxisomal membranes for viral genome replication as
observed in plant cells infected by several members of the Tombusviridae family of positive-strand
RNA viruses. Tomato Bushy Stunt Virus (TBSV), for instance, usurps an array of host factors that
facilitate the transformation of peroxisomes into peroxisomal multivesicular bodies (pMVB) the sites
of viral RNA replication. In this study, pMVB topology and biogenesis was investigated using
transmission electron and epifluorescence microscopy of tobacco and wildtype or mutant budding
yeast that were transformed with TBSV replicase proteins and a defective interfering viral RNA.
Overall, the results suggest that host-virus interactions specifically associated with Endosomal
Sorting Complex Required for Transport (ESCRT) and lipid metabolism are involved in TBSV
replication and pMVB biogenesis.
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CHAPTER 1: INTRODUCTION
1.1. Peroxisomes
1.1.1. Peroxisome Function
Peroxisomes are small, single membrane bound organelles found in most eukaryotic cells and
range in size from 0.2 to 1.5 μm in diameter (Mano and Nishimura 2005). Their functions include
β-oxidation, hydrogen peroxide scavenging, photorespiration, amino acid metabolism, nitric
oxide generation and detoxification, and/or the synthesis of plant hormones such as auxin, and
jasmonic acid (Olsen and Harada 1995; Mano and Nishimura 2005). Within plants, the specific
functions of peroxisomes may vary in relation to the cell or tissue type, developmental stage,
and/or environmental cue.
There are at least three major types of peroxisomes in plants: glyoxysomes, leaf-type
peroxisomes, and non-specialized or root peroxisomes (Mano and Nishimura 2005).
Glyoxysomes are present in germinating oil seed and are designated as such due to their integral
role in the glyoxylate cycle as an intermediate step between the liberation of fatty acids from oil
storage bodies and the subsequent conversion into sucrose via β-oxidation and gluconeogenesis.
Leaf peroxisomes, named for their residence in photosynthetically active cells, function in
remediating oxygen free radicals that are produced during photorespiration and other cell
processes through the action of catalase and superoxide dismutase (Olsen and Harada 1995; Mano
and Nishimura 2005; Palma et al. 2009).
Peroxisome function is also temporally dynamic and tissue specific as defined by the
organelle‟s ability to interconvert from, for instance, glyoxysomes to leaf peroxisomes in early
post-germinative growth, and then proceed through a reverse of this transition during leaf
senescence (Olsen and Harada 1995; Mano and Nishimura 2005).

1.1.2. Peroxisome Biogenesis
Peroxisomes, unlike plastids or mitochondria, lack DNA and the membrane components
necessary for their biogenesis are derived from a sub-domain of the endoplasmic reticulum (ER)
described as the peroxisomal ER (pER), suggesting that they are actually constituents of the
endomembrane system (Olsen and Harada 1995; Mano and Nishimura 2005).
There are at least two main peroxisome protein sorting routes in the cell. In the first case
peroxisomes are unique in that, like organelles of plastidial origin, certain proteins are translated
on free polyribosomes in the cytosol and then directly sorted to the target organelle (Baker and
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Graham 2002). The second peroxisomal sorting pathway involves the formation of vesicles
derived from a specialized region of the rough endoplasmic reticulum (pER) that contains specific
peroxisomal proteins involved in peroxisome biogenesis (Titorenko and Rachubinski 2004;
McCartney et al. 2005; Titorenko and Mullen 2006). Peroxisomal proteins synthesized in the ER
are sequestered in the pER prior to localization to the peroxisome. The plant ER is proposed to
have many functional subdomains involved in sequestering, sorting, and localizing specific
proteins to their organellar destinations within the cells. The ER functions as a progenitor of the
endomembrane system, whereby vesicles or membraneous tubules derived from the ER detach or
extend outward from the ER into the cytosol, and thus, play a role in the formation of Golgi,
peroxisomes, endosomes, vacuoles, and other specialized organelles and plant-specific subcompartments (Sparkes et al. 2009)
Peroxisome-destined proteins are released via pER-derived vesicles to the cytosol where they
i) assemble to form new peroxisomes or ii) fuse with an already pre-existing peroxisome
(McCartney et al. 2005; Titorenko and Mullen 2006). McCartney et al. (2005) showed that the
auxiliary replicase protein, p33 exploits an alternative peroxisome-to-pER retrograde pathway
that is dependent on COP1/Arf1 during infection of Tomato bushy stunt virus. Initially, p33 is
translated from viral mRNA on free poly-ribosomes in the cytosol, and is then localized to the
peroxisomal membrane, and eventually localizes to the pER thereafter (McCartney et al. 2005).
The premise that the pER is the progenitor of peroxisomal membranes is supported by
evidence that the TBSV replicase proteins, p33 and p92, are able to replicate a defective
interfering RNA at the ER when peroxisome biogenesis has been eliminated in yeast mutants of
either pex3 or pex19 (Jonczyk et al. 2007). Pex3, a peroxisomal membrane protein, is involved in
peroxisomal biogenesis in yeast. The predominantly cytosolic Pex19 is also involved in
determining peroxisome morphology in yeast and plants, however, while both pex19 and pex3
deletion mutants of yeast lack peroxisomes entirely, plant dsRNAi KO mutants of the same
proteins show altered peroxisomal morphology, suggesting that the function of Pex3 and Pex19 in
yeast and plants is slightly different (Nito et al. 2007). Hunt and Trelease (2004) found that,
unlike yeast Pex3 which sorts from pER to peroxisomes, plant Pex3 sorts directly from the
cytosol to peroxisomes.
Proteins specifically engaged in peroxisomal biogenesis are referred to as peroxins (encoded
by PEX genes). Upwards of 30 PEX genes have been identified in evolutionarily diverse
organisms, however, not all organisms possess the full range of PEX genes (Mano and Nishimura
2005). Among higher plants, PEX1, PEX2, PEX3 to PEX7, PEX13, PEX14, PEX16, PEX19 and
others have been identified (Baker and Graham 2002; Titorenko and Rachubinski 2004; Mano
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and Nishimura 2005; Titorenko and Mullen 2006; Guo et al. 2007). Peroxins participate in a
range of biogenesis-related functions including the import of matrix proteins, membrane protein
localization, peroxisomal proliferation and recycling of receptors (Titorenko and Rachubinski
2004; Mano and Nishimura 2005).
Most proteins localized to the peroxisomal matrix contain a peroxisomal targeting signal
(PTS), of which two are known. The type I PTS1 is composed of the C-terminal three amino acid
sequence, -SKL or a variant thereof (Olsen and Harada 1995; Baker and Graham 2002; Mano and
Nishimura 2005). Proteins containing a PTS1 are targeted directly to the peroxisome and are
generally devoid of any post-translational modification (Baker and Graham 2002). The PTS2 lies
at the N-terminus of peroxisomal proteins and includes a conserved nine amino acid sequence
motif consisting of -(R/K)-(L/V/I)-x-x-x-x-(H/Q)-(L/A)- (Mano and Nishimura 2005). Proteins
targeted via the PTS2 undergo proteolytic cleavage of the PTS2 pre-sequence following
peroxisomal import (Baker and Graham 2002; Mano and Nishimura 2005).
While the models for protein import demonstrate variability among different organisms
including mammals, yeast, and plant systems, a generalized viewpoint has emerged. Proteins
carrying the PTS1 sequence bind to their cognate receptor Pex5 in the cytosol. Following tersely
to the peroxisomal surface, Pex5 binds to multiprotein complex inclusive of Pex14 and Pex13
(Baker and Graham 2002; Mano and Nishimura 2005). PTS2-designated proteins bind to the
Pex7 receptor protein in the cytosol. Pex 7 then binds to Pex5 and the tri-protein (Pex5-Pex7cargo protein) complex moves in tandem to the peroxisomal membrane where Pex5 interacts with
Pex14 and Pex13 leading eventually to import of the PTS2 protein into the matrix (Baker and
Graham 2002; Mano and Nishimura 2005). The PTS2 pathway is dependent on the PTS1
pathway in plant systems.
Unlike plastids or the endoplasmic reticulum that appear to require peptide unfolding prior to
translocation through their boundary membrane, peroxisomes are capable of accepting the import
of fully folded, monomeric or multimeric proteins (Baker and Graham 2002; Leon et al. 2006).
The question remains, however, as to whether these peroxisomal proteins are denatured and then
renatured just prior to and post translocation, respectively (Baker and Graham 2002). Thus far, no
permanent peroxisomal pore complexes have been observed. Other mechanisms have been
proposed, such as the “pre-implex” model whereby a translocation complex forms transiently at
the peroxisome membrane that rapidly constructs and deconstructs a pore large enough for matrix
protein monomers to pass thorough (McCartney et al. 2006). This seems unlikely since
microinjection of 9 nm gold particles tagged with the PTS1 sequence were successfully localized
into the peroxisomal matrix (Baker and Graham 2002). Transport of such large objects into the
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peroxisome from the cytosol suggests that peroxisomes have the ability to autophagocitize
materials from the cytosol (McNew and Goodman, 1994). Factual evidence for this latter
possibility is provided by the observation that multivesicular bodies are generated from
peroxisomes during infection with the tomato bushy stunt virus (TBSV). McCartney et al. (2005)
suggests that the virus could be hijacking an already present host peroxisome vesiculation
pathway to serve in its own replication. Contentiously, few instances where peroxisomes show
detectable traces of internalized peroxisomal membranes are evident in electron micrographs of
normal, uninfected tissue (McCartney et al. 2005; Palma et al. 2009; This thesis).
Peroxisomal membrane proteins (PMPs) lack PTS1 or PTS2 sequences, but instead are sorted
post-translationally to peroxisomes via a membrane PTS (mPTS) (Baker and Graham 2002). A
typical mPTS is composed of a cluster of positively charged amino acids lying adjacent to a
transmembrane domain (Baker and Graham 2002). At least two known pathways exist for PMP
transport to peroxisomes. The first is similar to PTS1 and PTS2 protein transport in that nascent
PMPs are localized directly to peroxisomes from their sites of synthesis on free polyribosomes in
the cytosol (Baker and Graham 2002; Titorenko and Mullen 2006). In the second pathway, PMPs
are transported via pER and subsequent pER-derived vesicles that are either assembled into a new
peroxisome or are transported to and fuse with a pre-existing peroxisome (Leon et al. 2004;
Titorenko and Mullen 2006). Presently the precise molecular mechanisms involved in PMP
biogenesis in plant cells including the peroxins involved in these processes are poorly understood
(Leon et al. 2004; McCartney et al. 2005; Titorenko and Mullen 2006).

1.1.3. Peroxisomes as Sites of Viral Replication
One important feature of peroxisomes is their potential role as sites for viral genome
replication. For instance, some members of the Tombusviridae family of positive sense RNA
plant viruses alter the structure of the peroxisome into that of a multivesicular organelle (Martelli
et al. 1984; Appiano et al. 1986; Koenig 1988). The best-characterized of the Tombusviruses,
Tomato Bushy Stunt Virus (TBSV), has been studied extensively in terms of its ability to
transform the boundary membrane of a peroxisome during the infection process. Previous,
ultrastructural studies using transmission electron microscopy (TEM) showed the development of
inward-forming vesicles or invaginations of the peroxisomal membrane post TBSV infection. The
transmogrified peroxisome eventually forms into a doughnut-like structure with numerous
vesicles lying adjacent to the inner surface of the peroxisomal membrane and the central matrix
mostly devoid of these membrane-bound vesicles (Martelli et al. 1984; Appiano et al. 1986;
Koenig 1988; Burgyan et al. 1996; McCartney et al. 2005).
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Two TBSV encoded genes, p33 and p92, involved in formation of the RNA-dependent RNA
replication complex (Luo et al. 1994; Panavas et al. 2005; Rajendran and Nagy 2005; White and
Nagy 2007) have been identified as likely contributors in formation of a so-called peroxisomal
multivesicular body (pMVB) (McCartney et al. 2005). However, whether these two proteins
represent the minimal viral components required for pMVB biogenesis, and what the identity of
the host cell factors involved in the process are, have yet to be elucidated.
More recent studies on TBSV-associated pMVB biogenesis have shed light on p33/p92
trafficking and in doing so have given new insight into peroxisome biogenesis in general. Of
major significance was the discovery of another potential peroxisomal protein-sorting pathway
independent of the previous import mechanisms described. McCartney et al. (2005) showed that
the auxiliary replication and translocation protein p33 derived from TBSV is initially sorted from
the cytosol to the peroxisome and is then trafficked from the peroxisome to the pER in BY-2
tobacco cells. Targeting signals responsible for movement of p33 from the cytosol to peroxisomal
membrane included the three mPTS: -K11-K12-, -K76-R77-R78-R80-, and -R124-K129- all
located in the N-terminus. A segment of the first mPTS (-K11-K12-) lies adjacent to the pER
targeting signal, -K5-R6- which can, in absence of the C-terminal region of p33 post amino acid
residue 75, localize directly to the pER from the cytosol (McCartney et al. 2005). It has been
determined that the peroxisome to pER retrograde sorting pathway is mediated by the formation
of vesicles that bleb from the peroxisomal membrane into the cytosol and are then, directed in a
coat protein complex (COPI) and ADP-ribosylation factor (ARF1) dependent manner to the pER
(McCartney et al. 2005; Titorenko and Mullen 2006). Of notable significance is the resemblance
of the p33 peroxisome to pER targeting signal to a similar Golgi to ER retrograde pathway which
is also mediated by COP1 and ARF1 (McCartney et al. 2005; Titorenko and Mullen 2006). Yeast
mutants deficient in functional COP1 or ARF1 show aberrant peroxisomal morphology,
vesiculation, tubulation, and proliferation indicating that they do play a role in peroxisome
biogenesis and development (Titorenko and Mullen 2006).
A recent study conducted by Jonczyk et al. (2007) using yeast single gene knockout mutants
lacking functional Pex3 or Pex19 proteins showed that in a yeast system devoid of peroxisomes,
p33/p92 can localize directly to the ER and successfully replicate defective interfering (DI) RNAs
(see section 1.2.3). In lieu of this finding, Tombusviruses show remarkable flexibility in their
ability to replicate on various host cell membranes suggesting commonality among the host
factors involved in TBSV replication on either peroxisomal or ER membranes. The question
remains as to whether p33/p92 are able to cause similar vesicular-type modification on the ER in
these mutant systems.
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1.2. Tomato Bushy Stunt Virus (TBSV)
1.2.1. TBSV Pathobiology
Plants infected with TBSV develop chlorotic or necrotic lesions on leaves with some
symptoms specific to the infected plant species (Martelli et al. 1984). Typical structural features
of this group of viruses include a monopartite genome of ~4.7 kb in length enclosed by a 30 nm
icosahedral capsid composed of 180 protein subunits (Martelli et al. 1984). Besides TBSV, other
members of this group include Cymbidium Ringspot Virus (CymRSV) (Martelli and Russo
1981a; Martelli and Russo 1981b; Martelli et al. 1981; Bassi et al. 1986; Lupo et al. 1994; BleveZacheo et al. 1997), Carnation Italian Ringspot (CIRV) (Di Franco et al. 1984; Rubino and Russo
1995; Rubino et al. 2001; Pantaleo et al. 2003) and Cucumber Necrosis Virus (CNV) (Shapka et
al. 2005; Stork et al. 2005).
TBSV has a wide experimental and cultivated host range that includes, but is not exclusive to,
tomato, tobacco, pepper, eggplant, apple, pear, spinach, tulip and lettuce. Infected tomato leaves
usually display signs of leaf chlorosis, stunted growth, shriveling and purpling or yellowing of
leaves (Koenig 1988). TBSV can be spread via sap inoculation, contact with infected tissue or
implements having previous contact with a source of TBSV inoculum, as well as contact with
contaminated soil and water used for irrigation (Koenig 1988). No insect, fungal, or bacterial
vectors for the virus have been identified, although, this does not mean that none exist (Koenig
1988).
The TBSV genome is divisible into five open reading frames (ORFs) with a tentative sixth
located at the 3‟ terminus. ORF1 and ORF2, located near the 5‟ terminus, encode the two
replicase-associated proteins p33 and p92 of sizes 33 kDa and 92 kDa, respectively (Koenig
1988; Rajendran and Nagy 2003; Rajendran and Nagy 2004). Translation of p92 results from the
readthrough of an amber stop codon (UAG) located at the 3‟ terminus of p33 ORF (White 2002;
Panaviene et al. 2003; Rajendran and Nagy 2003; Rajendran and Nagy 2004; Rajendran and
Nagy 2005). In plant cells, translational readthrough of the UAG codon is the result of
recognition by suppressor tRNAs inserting a tyrosine in the place of a stop codon. However, due
to the relatively low levels of these aberrant tRNAs, translation of p33 versus p92 occurs at a ratio
of approximately 20:1 in certain plant tissues (Panavas et al. 2005; White and Nagy 2007).
ORF3 to ORF5 are translated from separate subgenomic RNAs (sgRNA) that are produced
from truncated positive strand RNAs produced when replication of the negative-sense TBSV
genome template terminates prematurely (White 2002; Yamamura and Scholthof 2005; Wu and
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White 2007). Truncated positive sense strand RNAs are generated from these truncated negativesense strands according to the premature termination (PT) model (White 2002; White and Nagy
2007: Wu and White 2007). The PT model differs from two previously described “internal
initiation” and “discontinuous template synthesis” models (White 2002). Subgenomic mRNA is
generated after the viral RdRp recognizes an internal RNA site within the full-length (-)-strand
template in the “internal recognition” model (White 2002). Meanwhile, sg mRNAs transcribed
from non-contiguous (-)-strand RNA generated during viral replication can also act as templates
for sgRNA synthesis according to the “discontinuous template synthesis” model (White 2002).
The 3‟ location of RNA replication termination of the negative-sense strand is used by the
replicase as the template for transcription of the positive-sense subgenomic strand (Yamamura
and Scholthof 2005; White and Nagy 2007). ORF3, ORF4, and ORF5 are translated just
downstream of the 5‟ end of the positive sense sgRNA. ORF3, 4, and 5 encode p41, p22, and
lastly p19, respectively. The start and stop codons for p19 lie within the ORF coding for p22.
ORF3 codes for the viral coat protein (CP) p41 that is translated from sgRNA1. ORF4 and ORF5,
respectively, include the sequences for both the movement protein p22 and the suppressor of
silencing protein, p19. Lastly, p19 and p22 are translated from sgRNA2 (Yamamura and
Scholthof 2005; White and Nagy 2007).

1.2.2. TBSV Replication
The TBSV replication complex is composed of both p33 and p92. While p92 contains the
RNA-dependent RNA polymerase (RdRp) activity (Rajendran and Nagy 2005), p33 is proposed
to act as an auxiliary protein necessary for the assembly and localization of the p33:p92 complex
to the peroxisomal membranes where replication of the TBSV genome and subgenomic RNAs
occurs (Panaviene et al. 2003; Panavas et al. 2005). In addition to binding with p92, p33 can also
bind to other p33 molecules forming p33:p33 and p33:p92 protein complexes (Rajendran and
Nagy 2003; Rajendran and Nagy 2004). p33 contains three known major functional domains. The
first major domain is composed of two smaller transmembrane domains involved in anchoring
p33 to peroxisomal membranes. The second major domain is the arginine-proline rich -RPRmotif for binding viral RNA (Rajendran and Nagy 2003; Pogany et al. 2005). The p33/p92
protein binding sites constitutes that last major domain (Rajendran and Nagy 2003; Panavas et al.
2005).
p33 may also play a role in the selection of RNA templates for replication by the p92 RdRp.
p33 has been demonstrated to bind selectively to a specific stem-loop structure known as the p33
recognition element (p33RE) located within the p92 ORF (Ray and White 2003; Pogany et al.
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2005; White and Nagy 2007). This domain is also present in the RII segment of defective
interfering RNA (Ray and White 2003), which will be discussed later. While the N-terminal
region of p92 includes the entirety of p33, the overlapping functional domains in p92 and p33
serve different roles in replication (Panaviene et al. 2003).

1.2.3. Defective Interfering RNA
TBSV infections not only result in the production of TBSV genomic and subgenomic RNA
but also defective interfering (DI) RNA. DI RNAs are composed of small (400-600 nt in length)
non-contiguous regions of TBSV RNA that compete with the genomic and subgenomic RNA for
replication (Ray and White 2003). Synthesis of DI RNA may be a result of the process of
„template switching‟ whereby the replicase prematurely terminates replication of positive sense
strand RNA at a key position in the RNA. Instead of dissociating from the defective RNA strand,
the replicase associates with a new downstream segment of the genomic RNA template and
reinitiates synthesis thus joining the truncated RNA strand with the newly synthesized RNA
(White and Nagy 2007). DI RNA replicons have been employed in determining cis-acting viral
replication sequences and for demonstrating regions of the viral proteins p33 and p92 necessary
for formation and localization of the active TBSV replicase complex (Ray and White 2003).
Typical DI RNAs are composed of four truncated regions (I through IV) coded within the
TBSV genome. Region I and IV are located at the TBSV 5‟ and 3‟ termini, respectively (Ray and
White 2003; White and Nagy 2007). It is believed that both regions I and IV possess cis-acting
sequences necessary for the initiation of RNA replication. Region II is located after the p33
amber stop codon (Ray and White 2003; Pogany et al. 2005) and plays a role in long-range
RNA:RNA interactions within the TBSV genome, whereas segments of Regions II and III bind to
one another during RNA replication (Wu et al. 2009). Region III contains a portion of the TBSV
3‟-cap-independent translational enhancer whose minus strand codes for an orientation and
position independent RNA hairpin loop. Region III allows for a tenfold increase in replication of
DI RNAs (Ray and White 2003). A specific defective interfering RNA, DI-72 has been utilized
effectively as a suitable RNA template to demonstrate viral RNA replication in Saccharomyces
cerevisiae (Serviene et al. 2004). Yeast transformed with vectors expressing wildtype replicase
genes in tandem with a DI replicon, such as DI-72, have effectively amplified DI RNA transcripts
in vivo, emphasizing that this replicon is a viable template for the demonstration of replicase
activity (Panavas and Nagy 2003; Pantaleo et al 2003).
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1.3. Peroxisomal Multivesicular Bodies (pMVBs)
1.3.1 The Role of pMVBs in TBSV Infection
The major ultrastructural feature of TBSV and other Tombusvirus infections is the formation
of numerous MVBs in the cytosol. These structures have been characterized in TBSV and
Cymbidium Ringspot Virus (CyRSV), another Tombusvirus that, like TBSV, alters peroxisomal
boundary membranes, using transmission electron microscopy (TEM). pMVBs form during
TBSV or CyRSV infectiosn when in the internal side of the peroxisomal membrane forms
invaginations that protrude inward into the peroxisomal lumen. These invaginations, or vesicletype structures become more nurmerous as infection proceeds, resulting in the formation of a
layer of vesicles that lies on the internal side of the peroxisomal boundary membrane (Figure 1,
Appendix IV). Eventually, the vesiculated regions of the peroxisome protrude outward into the
cytosol, extending and arcing over and engulfing portions of the cytosol. This process results in
the formation of C-shaped or doughnut-shaped pMVBs (Martelli and Russo 1981a; Martelli and
Russo 1981b; Martelli et al. 1981; Di Franco et al. 1984; Appiano et al. 1986; Bassi et al. 1986;
Lupo et al. 1994; Burgyan et al. 1996; Bleve-Zacheo et al. 1997; McCartney et al. 2005). In
TBSV infections, MVBs are formed from peroxisomal membranes. Although the specific
mechanisms by which TBSV causes these morphological changes in peroxisomes has yet to be
elucidated, it has been proposed that p33 and p92 are responsible for the formation of pMVBs in
plants (Rubino and Russo 1998; Rubino et al. 2000). TEM immunolabelling with anti-p33
antibodies indicates that p33 and p92 specifically localize to pMVBs suggesting that these
structures are the location of the viral genomic RNA replication (McCartney et al. 2005).
Further evidence for pMVB function as sites of RNA replication was provided by Appiano et al.
(1983, 1986) who detected the incorporation of tritiated uridine into pMVBs, indicating that viral
RNA replicaiton occurs within these organelles. McCartney et al. (2005) showed that p33 and
p92 colocalized to peroxisomes where RNA was also detected. The precise means by which p33
and p92 lead to the formation of pMVBs, however, has yet to be determined.

1.3.2. Role of Endosomal Sorting Complex Required for Transport (ESCRT)
protein complexes in pMVB biogenesis
Recently, Mullen et al. (2006) suggested that Endosomal-Sorting Complex Required for
Transport (ESCRT) proteins responsible for the formation of endosomal MVBs and lysosomal
vesicles may play a role in pMVB formation. Vesicle-type structures observed in pMVBs possess
morphological similarity to the vesicles in endosomal MVBs. These latter vesicles are generated
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by the aggregation of ESCRT complexes on the surface of endosomes, and facilitate the
invagination of the membrane inward into the endosomal lumen. Recent research on viral-host
interactions supports the role of ESCRT complexes in the budding of viral HIV particles from
mammalian membranes as directed by HIV-1 Gag polymerase, which is among one of the many
viruses that usurp the host ESCRT system during infection of eukaryotic cells (Mullen et al.
2006; McDonald and Martin-Serrano 2009).
Endosomes are spherical or ovular membrane bound organelles involved in cycling
ubiquitinated membrane proteins from the plasma membrane, Golgi body, and/or ER to
lysosomes for degradation. Endosomal MVB formation initiates with the recognition of
ubiquitinated cargo-proteins intended for localization to endosomal vesicles by the vacuolar
sorting protein (VPS) complex, Vps27 on the cytosolic side of the endosomal membrane (Mullen
et al. 2006). All Vps proteins listed herein are yeast proteins with homology to Arabidopsis as
determined by BLASTp analysis (Mullen et al. 2006). Vps27, in a complex with Hse1 and
ubiquitin, is responsible for sequentially recruiting ESCRT complexes I, II, and III to the
membrane, each of which is composed of Vps23, Vps 28, Vps37; Vps22, Vps 25, Vps36; and
Vps2, Vps20, Vps24, Vps32, respectively (Wollert et al. 2009). ESCRT complex III interacts
with Bro1 and Doa4, the latter whose role is to deubiquitinate the cargo protein prior to vesicle
sorting. Interaction of AAA-ATPase Vps4 with ESCRT III then causes the ESCRT complexes to
dissociate from the cargo allowing for recycling of the Vps proteins (Mullen et al. 2006; Wollert
et al. 2009).
The TBSV replicase proteins, p33 and p92 possess a late domain homologous to the domain
in Vps27 responsible for the recruitment of ESCRT I complex. In essence, the replicase proteins
mimic host proteins, diverting vacuolar sorting proteins from the endosomal membrane to the
peroxisomal membrane in plants, potentially leading to a series of membrane reconfigurations
necessary for pMVB biogenesis.
Further evidence for the potential role of ESCRT in pMVB formation has been derived from
yeast single gene knockout mutants that were screened for their ability to either enhance or
impede TBSV RNA replication (Panavas et al. 2005; Serviene et al. 2005; Serviene et al. 2006).
Proteins of the ESCRT 1 and III complexes that were identified as necessary for optimal TBSV
RNA replication include Vps23, Vps28, Vps24, Vps32, Did2, and other components of the
ESCRT pathway, Vps4 and Doa4. However, Panavas et al. (2005) and Serviene et al. (2006) did
not actually proceed to determine the extent and nature of the involvement of ESCRT proteins in
TBSV replication.
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1.3.3. Possible Alternatives to the ESCRT model of pMVB formation.
Despite the present evidence indicating the positive role of ESCRT in pMVB generation there
are some concerns regarding whether the vesicles witnessed in pMVBs resemble the vesicles of
endosomal MVBs and if the TBSV derived vesicles are even vesicles at all.
While the ESCRT complexes or specific components thereof may be relevant elements in
pMVB biogenesis, the specific topography of these sub-peroxisomal compartments remains
poorly defined. For instance, regular TEM has not resolved the issue of whether pMVBs contain
fully enclosed vesicles or if these structures are actually modular spherule-type invaginations that
remain connected by a small tubule stretched between the spherule itself and remnants of the
peroxisomal boundary membrane. At later stages of viral infection, the newly synthesized viral
RNA will have to exit the vesicle or spherule prior to encapsidation and transport. Vesicle
membranes would have to be ruptured to allow the viral RNA to exit whereas the RNA could
more easily leave the spherule enclosure entering the cytosol. Therefore, it would seem more
likely that pMVBs are composed of numerous spherules suggesting that the ESCRT complexes or
ESCRT protein constituents may not be entirely responsible for the structures seen in TBSV
infections.
Evidence supporting the spherule model of pMVB formation has been derived from the
recent observation of spherule-type structures formed from the ER during Brome Mosaic Virus
infection (BMV). Research on BMV, another positive strand RNA virus of the Alphavirus
supergroup of viruses has been shown to replicate in spherule-type structures derived from the
cytosolic side of the ER membrane. Schwartz et al. (2002, 2004) performed TEM on yeast cells
expressing various combinations of the three positive strand genomic RNAs: 1a, 2a, and 3a. The
1a protein contains the helicase, localization, and methyltransferase for RNA capping domains.
The 1a orchestrates localization of the 2a RNA polymerase to ER membranes and is necessary for
minus strand synthesis (Ahlquist et al. 2003; Kushner et al. 2003; Ahlquist et al. 2005). Electron
micrographs of yeast cells show that 1a is responsible for producing spherules or vesicle-like
structures from the outer ER membrane (Schwartz et al. 2002; Schwartz et al. 2004).
Membrane lipid composition tends to be overlooked as a candidate in the modulation of
membrane morphogenesis, fluidity, and flexibility (Verma and Hong 2005). Previous research on
BMV and other Tombusviruses using yeast mutants indicates that both host proteins and lipid
membrane composition play important roles in TBSV replication and likely pMVB formation
(Ahlquist et al. 2003; Kushner et al. 2003; Noueiry and Ahlquist 2003; Ahlquist et al. 2005; Jiang
et al. 2006). Lee and Ahlquist (2003) showed that BMV RNA replication was inhibited in yeast
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cells lacking functional Δ9 fatty acid (FA) desaturase that is responsible for generating
unsaturated FAs from saturated FAs. The mutation in the ole1w gene resulted in a general
decrease in membrane fluidity and flexibility in addition to reduced levels of unsaturated fatty
acids in host membranes with subsequent impacts on BMV spherule formation post infection.
Similar studies on Tombusvirus replication have been performed using yeast single gene
knockout lines with over 30 host genes identified that resulted in either direct or indirect
upregulation or inhibition of viral replication (Nagy et al. 2006).
Peroxisome biogenesis and division is also integrally dependent on the regulation of lipid
membrane constituents. Peroxisome maturity is, at least in part, linked to the accumulation of
acyl-CoA oxidase (Aox) in the matrix over time (Guo et al. 2007). At maturity, the concentration
of Aox reaches critical mass leading to movement of the excess from the matrix to the
peroxisomal membrane where it interacts with Pex16p resulting in a peroxisome fission event
(Guo et al. 2007). At lower Aox concentrations Pex16p prevents peroxisome fission. The fission
event is marked by an immense reconfiguration and redistribution of membrane lipid components
that allow for the assembly of fission-related protein complexes. Transition through the stages of
peroxisome maturation includes the generation of the cone-shaped phosphatidic acid (PA) and
diacylglycerol (DAG) and reduction in membrane levels of the inversely cone-type lipid
lysophosphatidic acid (LPA). Mutations in Pex16p were correlated with reduced levels of PA and
DAG and with little impact on LPA levels normally observed in peroxisomes preparing for a
fission event (Guo et al. 2007). Perhaps TBSV replicase proteins either directly or indirectly
through interaction with peroxisome-lipid associated proteins modulate lipid constituents
resulting in vesiculation events.

1.4. Hypotheses and Specific Aims
Three major hypotheses will be addressed for my M.Sc. research that will focus on
elucidating the morphology of pMVBs as well as the specific viral and host components
necessary for their generation in plants.

1.4.1. pMVB function in RNA replication suggests spherule formation over
vesiculation
Given that TBSV genome replicates in the „vesicles‟ of pMVBs, it is assumed that the
newly synthesized positive strand RNA will be packaged into the viral capsid for transport. For
packaging to occur, the viral RNA must first dissociate from the replication complex prior to
incorporation into capsid. If the replication complex composed of p33, p92, and TBSV RNA are
enclosed by a non-porous, peroxisomes-associated, vesicle-type membrane, then it begs the
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question as to how the viral RNA and capsid proteins may be assembled into the final capsid in
the cytosol. Mature positive strand viral RNAs would have to exit the membrane prior to
encapsidation. While the viral RNA may still be able to exit a vesicle through membrane
disruption, the observation of ER-associated spherules in BMV infections indicated possible
structural homology to the „vesicles‟ displayed in TBSV infections. I propose that instead of
vesicles, the spherical-type structures found in pMVBs are actually spherules.

1.4.2. TBSV replicase proteins require viral RNA template to form pMVBs.
Studies using Saccharomyces as a model for TBSV replication show that p33 and p92 are
both capable of replicating DI-72 in vitro (Panaviene et al. 2004). Previous studies using
Agrobacterium infiltration show that neither p33, p92, or a combination of p33 and p92 result in
the formation of similar pMVBs as found in wildtype TBSV inoculations. Therefore, perhaps the
TBSV replicase proteins, p33 and p92 require RNA as a template resulting in the proper
conformational change necessary for the replicase proteins to properly associate with peroxisomal
membranes or host factors and thus lead to pMVB generation both in planta and in yeast systems.

1.4.3. Proteins involved in peroxisome biogenesis and lipid remodelling are
responsible for pMVB generation.
Research into replication of Brome Mosaic Virus (BMV) indicates that single mutations
affecting lipid composition and chemical asymmetry of lipid bilayers can have detrimental
impacts on BVM replication and virulence in yeast systems. The ESCRT model of pMVB
morphogenesis is dependent upon the idea that TBSV replicates in vesicles, however if spherules
rather than vesicles are formed, then the proposed vesicle model may not apply to this viral-host
interaction. In addition, if p33 and p92 coupled to viral RNA can result in peroxisomal membrane
invagination and spherulation simply by modulating lipid bilayer asymmetry, than the ESCRT
model is superfluous.

1.5. Objectives and Anticipated Significance
The experiments described herein follow a consecutive order designed to address each
hypothesis in a logical manner as outlined above. The main objective is to observe the specific
topology of pMVB formation and morphology. The next step involves determination of the
minimal viral genes necessary to produce pMVBs as seen in wildtype TBSV infections. Lastly,
host factors necessary for pMVB morphogenesis will be explored.
Viruses utilize a variety of host factors during the infection, replication and transportation
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stages of their lifecycle. TBSV replicase proteins specifically localize and modify peroxisomal
membranes while simultaneously hijacking key peroxisomal protein sorting pathways to support
their perpetuation in plant cell systems. Already, a new peroxisome to pER sorting pathway has
been indicated by previous research on p33 trafficking. Whether this pathway is unique to p33 or
plays an actual role in plant peroxisomal biogenesis and vesiculation has yet to be determined.
Whereas proteins involved in yeast retrograde peroxisome vesicle transport have been better
characterized, the results obtained using either full-length TBSV or the replicase and DI-72
construct in yeast may be applicable to peroxisomal protein sorting pathways in plant systems.
Characterization of the host-virus interaction and mechanisms involved in pMVB topology and
morphogenesis is intended to provide new insights into the specific plant (host) factors necessary
for peroxisome biogenesis, maturation, development, and function.
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CHAPTER 2: METHODS
2.1. Standard Molecular Biology Techniques
2.1.1. Preparation of competent E. coli and E. coli transformation
All plasmid DNA constructs were cloned into and maintained in Eschericia coli DH5α
(recA, hsdR, endA, gyrA96, thi-1, relA1, lacZ) cells, unless indicated otherwise. A modified
protocol described by Sambrook et al., (1989), outlined by McCartney (Ph.D. Thesis, 2006) was
employed in the generation of competent E. coli DH5α cells for transformation. Cells were
aliquoted into 100 μL quantities, frozen in liquid nitrogen and stored at -80°C.
DH5α cells were transformed according to the protocol laid out by Sambrook et al.,
(1989) with further description provided by McCartney (Ph.D. Thesis, 2006). Transformed cells
were plated on LB plates containing a plasmid-specific antibiotic (e.g., 50 µg/mL ampicillin or 50
µg/mL kanamycin), inverted and placed in a 37°C incubator overnight. Transformed E. coli were
maintained indefinitely as glycerol stocks by diluting an overnight culture 1:1 with 40% (v/v)
glycerol to a final volume of 800 µL and stored at -80°C.

2.1.2 Preparation of competent Agrobacterium LBA4404 and Agrobacterium
LBA4404 transformations
The protocol developed by Hӧfgen and Willmitzer (1988), described further by
McCartney (Ph.D. Thesis, 2006), was employed to render Agrobacterium tumefaciens LBA4404
chemically competent. A. tumefaciens LBA4404 cells were streaked from YEB plants containing
50 μg/mL streptomycin (Appendix I). Competent cells were aliquoted into 100 μL quantities and
used while fresh.
The competent A. tumefaciens LBA4404 cells were transformed according to Hӧfgen and
Willmitzer (1988), and McCartney (Ph.D. Thesis, 2006). Transformed cells were divided between
two YEB plates containing the proper antibiotic selection (e.g. 50 g/mL streptomycin and 50
g/mL tetracycline for Agrobacterium LBA4404 transformed with the binary vector pMAT037
(Matsuoka and Nakamura 1991) or 50 g/mL streptomycin and 100 g/mL spectinomycin for
Agrobacterium LBA4404 transformed with pRCS2.
Transformed A. tumefaciens LBA4404 were preserved for long term storage as glycerol
stocks. Glycerol stocks for Agrobacterium were generated in a similar manner to E. coli. and
stored at -80°C indefinitely.
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2.1.3. Plasmid DNA Isolations
Plasmid DNA was extracted and purified from E. coli cells utilizing two separate but
similar alkaline lysis based methods, depending on quantity and purity of DNA required. Small
quantities of high quality, pure DNA was extracted from 3-5 mL overnight bacterial cultures
using either a Sigma GenElute™ plasmid miniprep kit (Sigma-Aldrich) or an Invitrogen
PureLink™ HiPure plasmid miniprep kit (Invitrogen Life Technologies) for use in restriction
digestion analysis or DNA sequencing. Higher quantities of super-pure DNA were extracted from
50 mL overnight cultures using an Invitrogen PureLink™ HiPure plasmid midiprep kit
(Invitrogen). Both extraction procedures were followed according to the manufacturers‟
instructions.
The DNA extracts were quantified using a Beckman DU 520 spectrophotometer
(Beckman-Coulter, Mississauga, ON, Canada). Sequencing of plasmid DNA was performed by
the Genomics Facility, Advanced Analysis Centre (University of Guelph, Guelph, ON, Canada)
using an Applied Biosystem Model 377 automated sequencer (Perkin-Elmer Biosystem, Boston,
MA, USA) for fluorescent dye-terminated cycle sequencing. The list of sequencing primers
employed is described within Appendix III.

2.2. General DNA Cloning Techniques
2.2.1. Preparation of ‘insert’ and ‘vector’ DNA fragments
Plasmids described in this thesis were constructed using a variety of methods including:
oligonucleotide annealing reaction, PCR amplification, and site directed mutagenesis. Those
DNA fragments referred to herein as „insert‟ were generated using thermocycler-based oligomeric
DNA annealing reactions, PCR amplification of target DNA from template DNA, and DNA
fragments that were restriction digested, electrophoresed prior to gel extraction and purified. All
custom synthetic oligonucleotides, including those meant for DNA sequencing analysis were
manufactured by Sigma-Aldrich.
Complementary, annealed synthetic oligonucleotides were prepared according to the
protocol outlined by McCartney (Ph.D. Thesis, 2009) using the Perkin-Elmer Gene Amp
Polymerase Chain Reaction (PCR) system 2400 thermocycler (Perkin-Elmer Biosystem)
programmed with an inial temperature of 94°C, gradually decreasing at a rate of -1°C per minute
to 65°C, and terminating at a 4°C steady state. Prior to ligation, the 5‟ termini of the annealed
oligonucleotides were phosphorylated by T4 polynucleotide kinase (PNK) (New England Biolabs
Ltd., Mississauga, ON, Canada) according to the manufacturer‟s instructions. The enzyme was

16

inactivated by chelation with the addition of 5 L of 0.5 M EDTA (pH 8.0) and 100 L of Trisbuffered phenol (pH 7.9) followed by 100 L chloroform. The tube was vortexed and then
centrifuged for 1 minute at 13 000 rpm at room temperature. The DNA-containing top aqueous
phase was transferred to a new tube and precipitated by the addition of 10 L of 3 M sodium
acetate (pH 7.0) and 250 L of 100% (v/v) ethanol, and incubated overnight at –20°C. On the
following day, the tube was centrifuged at 13 000 rpm for 10 min. at room temperature. The
supernatant was discarded and the pelleted DNA was washed in 200 L of cold (-20°C) 70% (v/v)
ethanol and centrifuged for 15 minutes, 13 000 rpm at room temperature. The supernatant was
removed and the DNA pellet was air dried and resuspended in 50 L of ddH2O. The purified,
annealed oligonucleotide DNA was employed in further cloning strategies as the „insert‟ DNA.
The DNA referred to as the „vector‟ provided the backbone for all cloning methods,
whereas the „insert‟ fragment was the DNA segment cloned into the „vector‟ DNA fragment.
Twelve micrograms of „insert‟ and twenty micrograms of „vector‟ DNA were digested in separate
50 μL reaction tubes using the appropriate restriction enzyme(s) and buffer(s) for 4 hrs in a 37 °C
water bath. The digested DNA reaction samples were then electrophoresed using the BioRad
Mini-sub Cell GT chamber (BioRad Laboratories, Mississauga, ON, Canada) at 80 V in a 0.8%
(w/v) agarose gel containing 2 g/mL ethidium bromide and immersed in 1 x TAE buffer
(Appendix I). The separated DNA fragments were detected via UV light in a BioRad Gel
Documentation unit (BioRad), and recorded with the Quantity One Version 4.4.1 (BioRad). Gel
fragments were excised on the Foto/PrepI Fotodyne UV light box (Bio/Can Scientific,
Mississauga, ON, Canada). Either the QIAquick Spin Gel Extraction kit (Qiagen Inc.,
Mississauga, ON, Canada) or Invitrogen PureLink™ Quick Gel Extraction Kit (Invitrogen
Canada, Inc., Burlington, ON, Canada) were used to purify the DNA fragment from the gel
according to the manufacturers‟ instructions. All DNA restriction or modifying enzymes were
purchased from New England Biolabs Ltd. (New England Biolabs, Ltd., Pickering, ON, Canada)
unless stated otherwise.
To prevent the self-ligation of „vector‟ fragments digested with the restriction
endonucleases generating similar „sticky‟ ends, the digested and the resulting gel purified „vector‟
was treated with Calf Intestinal Alkaline Phosphatase (CIP), (New England Biolabs Ltd.) to
remove the phosphate groups from the 5‟ DNA terminus. The CIP reaction was performed on the
gel purified „vector‟ fragment(s) as directed by the manufacturer. The CIP enzyme was
deactivated followed by DNA purification as described in the protocol after T4 PNK treatment.
The resulting „vector‟ DNA was quantified using a DU® Beckman Coulter General Purpose
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UV/Vis Spectrophotometer (Beckman Coulter Canada Ltd., Mississauga, ON, Canada).
DNA ligation of „insert‟ and „vector‟ fragments was carried out using 100 ng of digested,
dephosphorylated „vector‟ DNA combined with the varying quantities of annealed,
phosphorylated and/or restriction digested and gel purified „insert‟ DNA in varying fragment
number ratios of 1:0, 1:1, and 1:6, respectively. Ligation reactions were performed as described
by McCartney (Ph.D. Thesis, 2006) with T4 DNA ligase (New England Biolabs Ltd.).
Accelerated ligation reactions were performed using the Promega LigaFast™ Rapid DNA
Ligation System (Promega, Madison, WI, USA) at room temperature according to the
manufacturer‟s directions. After the 30 min, or 24 to 60 hr incubation, 2-4 L of each ligation
reaction was transformed into E. coli DH5α competent cells (See section 2.1.1.). Colonies were
screened for the presence and orientation of the „insert‟ using restriction enzyme analysis
(Sambrook et al., 1989) and the samples conforming to expected fragmentation sizes on an 0.8%
agarose gel were sent for automated dye-terminated cycle sequencing (Section 2.1.3) for
verification.

2.2.2. The PCR and pGC Blue Vector cloning
PCR amplification of specified fragments were performed in 50 μL reactions containing:
15 ng of plasmid (template) DNA, 5 L each of a 10 M stock of forward and reverse primers, 5
L of 10 x PCR buffer containing 15 mM MgCl2 (Perkin Elmer Life Sciences Inc.), 4 L of 10
mM deoxynucleotide triphosphates (dNTPs) (Perkin Elmer), and 0.3 L of Ampli Taq DNA
polymerase (5 units/L) (Roche Applied Science, Laval, QC, Canada). DNA fragments were
PCR amplified using a Gene Amp PCR system 2400 thermocycler (Perkin Elmer) initiating with
a melting temperature of 92°C for 5-10 min, followed by 30 cycles at 92oC (melting temperature)
for 1 min, 60°C (annealing temperature) for 2 min, 72°C (extension temperature) for 2.5 min, then
terminating with an extension temperature of 72°C for 15 min. The resulting PCR amplified
fragments were purified using a PureLink™ PCR Purification Kit (Invitrogen) following the
procedures outlined by the manufacturer. Two separate methods were employed in the ligation of
the resultant „insert‟ into linearized „vector‟ backbone. The first method involved direct ligation
of restriction enzyme-digested PCR DNA products into linearized, dephosphorylated „vector‟
DNA as described above (Section 2.2.1).
The second method was employed in the cloning of DNA fragments that were not
responsive to typical PCR amplification and ligation procedures and involved ligation of PCR
DNA products into an intermediate „pGC™ Blue‟ cloning „vector‟. To this end, procedures were
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followed as outlined in the GC Cloning & Amplification with pGC™ Blue Cloning Kit (Lucigen
Corporation, Middleton, WI, USA) for PCR amplification. DNA fragments were purified using
the PureLink™ PCR Purification Kit (Invitrogen) and the purified „insert‟ DNA was then ligated
into the pGC™ Blue Vector with CloneSmart® DNA Ligase. Ligated DNA was transformed into
E. cloni® 10G Chemical Competent Cells. Transformed cells were plated on YP plates containing
a final concentration of 30 g/ml kanamycin, 1 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG), and 50 g/ml of 5-bromo-4-chloro-3-indolyl--D-galactopyranoside (X-Gal) (Boehringer
Mannheim, Germany) according to manufacturers‟ instructions. White colonies containing the
„insert‟ were screened and sequenced using the M13 forward and reverse primers to verify the
presence of the „insert‟. Confirmed recombinant DNA constructs containing the „insert‟ were then
digested using the appropriate restriction endonucleases, cleaving the „insert‟ from the pGC™
Blue Vector, separated via agarose gel electrophoresis and gel extracted. The „insert‟ fragment
was then ligated into the target „vector‟ plasmid as explained previously.
The addition, deletion, or localized mutation of DNA plasmid sequences was carried out
using PCR site-directed mutagenesis. Fifty nanograms of template DNA was combined in 50 μL
reactions with 125 ng each of forward and reverse oligonucleotide primers, 5 L of 10 x Pfu
buffer (Stratagene, La Jolla, CA, USA), 1.5 L of 10 mM dNTPs (Perkin Elmer), and 1 L Pfu
Turbo DNA polymerase (2.5 units/L) (Stratagene). PCR reaction parameters were performed
as described by A.W. McCartney (Ph.D. Thesis, 2006) Non-mutated, parental template DNA
containing methylated groups was digested, thus eliminating the template DNA from the reaction
mixture, by adding 1 L of the restriction endonuclease DpnI (10 units/L) (New England
Biolabs Ltd.) directly to the PCR sample followed by a 1 hr incubation at 37°C. Four to 5 L of
the reaction was then used to transform E. coli as described previously (see Section 2.1.1).

2.3. Plasmid constructions
2.3.1. Plant expression constructs
All vectors designed for expression of various cDNAs in plants were constructed as
described below. Table I (Appendix II) provides further details.
All plant expression constructs described herein were built by McCartney (Ph.D. Thesis,
2006). The ORF encoding full-length p92 was mutagenized at the p33 amber stop codon (TAA)
by McCartney (Ph.D. Thesis, 2006) to introduce a tyrosine residue (TAT) to ensure translation of
only p92. Constructs denoted as “Rep” contain the full-length TBSV replicase genes, p33 and
p92, with the amber stop codon left intact at the 3‟ terminus of p33. In short, the non-coding
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regions within TBSV cDNA in pHST20 (Scholthof, 1999) up or downstream of the ORFs for
p33, p92, or Rep were were mutagenized to introduce restriction enzyme sites to allow
subcloning of TBSV replicase and auxiliary genes into the MCS of the shuttle vector, pSAT435SP-MCS-35ST (Chung et al, 2005), generously provided by T. Tzfira. Expression cassettes
containing one of the TBSV replicase genes were I-SceI-digested out of resulting constructs,
pSAT4 p33, pSAT4 p92, and pSAT4 Rep and cloned into similarly digested pRCS2-ocs-nptII
binary vector (generous gift from T. Tzfira). To construct pRCS2 DI-72/HDVrib, McCartney
(Ph.D. Thesis, 2006), subcloned the nosP-DI-72/HDVrib-nosT expression cassette, containing the
constitutive nos promoter, DI-72/HDVrib, and nos terminator, from pSAT2 DI-72/HDVrib into
pRCS2 via Ppo-I/AscI-digest. The pRCS2 p33 + DI-72/HDVrib, pRCS p92 + DI-72/HDVrib, and
pRCS2 Rep + DI-72/HDVrib, the nosP-DI-72/HDVrib-nosT expression cassette was subcloned
out of PpoI/AscI-digested pSAT2 DI-72/HDVrib and ligated into similarly digested pRCS2 p33,
pRCS2 p92, and pRCS2 Rep, respectively.
pSAT4 SpeI TBSV was constructed by, first, introducing a SpeI site into the shuttle
vector pSAT4-35SP-MCS-35ST, via site-directed mutagenesis employing the primers KGFp5
and KGRp6. A SpeI site was introduced using primers: KGFp7 and KGRp8, just upstream of the
5‟ untranslated region (5‟UTR) of TBSV in pHST20 (Scholthof, 1999), yielding pHST20 SpeI.
The TBSV genome was digested out of pHST20 SpeI with SpeI and SacI and cloned into
SpeI/SacI-digested pSAT4 SpeI, yielding pSAT4 SpeI TBSV.
An attempt was made to clone the entire 5.7 kb 35SP-TBSV-35ST cassette from pSAT4
SpeI TBSV into the binary vector pRCS2-ocs-nptII (generous donation from T. Tzfira) T-DNA
region using the homing restriction endonuclease I-SceI. The expression cassette containing the
two 35S promoters, full-length TBSV genome, and 35S terminator was digested out of pSAT4
SpeI TBSV using I-SceI before ligating the gel-purified fragment into I-SceI digested pRCS2-ocsnptII. However, due to the difficulty of transforming competent E. coli DH5α cells (Appendix I),
Invitrogen Library Efficiency® DH5α™ Chemically Competent Cells (Invitrogen Corp.,
Carlsbad, CA, 92008, USA) were used for transformation and plated on LB plates containing
streptomycin. The resulting colonies were screened for presence of the 5.7 kb insert. None of the
colonies screened contained the insert and after repeated attempts failed to generate this construct
(i.e., pRCS2-ocs-nptII expressing TBSV from a dual 35S promoter), the A. tumefaciens
infiltration and TEM analysis experiments described in this thesis were pursued without this
particular binary construct.
Similar cloning strategies were applied to clone the entire TBSV genome from pHST20
into the yeast expression vectors pGADT7 (Clontech, Mountain View, CA) and pGBKT7
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(Clontech) for use as positive controls for p33, p92, and Rep expression in a yeast-2-hybrid
screening assay. Specifically, an SpeI site was introduced into pHST20 (Scholthof, 1999) via sitedirected mutagenesis upstream of the TBSV 5‟ UTR using primers KGFp7 and KGRp8, yielding
pHST20 SpeI. In the event that the yeast were incapable of expressing one or more of the five
predicted protein components encoded by the TBSV genome, a second cloning strategy was used
to introduce a SpeI site just upstream of the start codon of p33 (ORF1) in the TBSV genome
within the 5‟ UTR using primers, KGFp13 and KGRp14, generating the plasmid pHST20 SpeI
Y2H. An SpeI site was also introduced into the pGADT7 MCS just upstream of the SacI site
using primers, KGFp11 and KGRp12. Both SpeI and SacI restriction sites were introduced into
the MCS of pGBKT7. To this end, the oligonucleotides, KGFp15 and KGRp16 were annealed,
phosphorylated and ligated into PstI/NdeI-digested pGBKT7 to generate pGBKT7 SpeI/SacI. The
purpose was to double-digest the 4.7 kb TBSV genome with SpeI and SacI from either pHST20
SpeI or pHST20 SpeI Y2H and then ligate the TBSV fragment into SpeISacI-digested pGADT7
SpeI or pGBKT7 SpeI/SacI to generate pGADT7 SpeI TBSV and pGBKT7 SpeI/SacI TBSV,
respectively. However, the latter step involving ligation of the TBSV with the pGADT7 SpeI and
pGBKT7 SpeI/SacI could not be accomplished in spite of several attempts using similar E. coli
Invitrogen Library Efficiency® DH5α™ Chemically Competent Cells (Invitrogen Corp.) as
described for pRCS2-ocs-nptII with TBSV. As such, no yeast-two-hybrid assays were conducted
using the above described constructs.

2.3.2. Yeast Expression Constructs
Three pRS vectors: pRS423-ADH1; pRS424-GPD; and pRS425-GPD, generously
donated by John Glover, provided the basis for expression of the TBSV replicase proteins in
yeast. To maintain consistency with Nagy et al. (2006) expression results, the replicase proteins,
p33, p92, and Rep were expressed under the constitutive alcohol dehydrogenase (ADH1)
promoter. To this end, the yeast expression vector, pRS424-ADH1 and pRS425-ADH1 were
constructed by first digesting the glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter
sequence out of pRS424-GPD and pRS425-GPD and swapping in the ADH1 promoter sequence
from similarly digested pRS423-ADH1 into pRS424 and pRS425 SacI and XhoI. To construct
pRS423-ADH1/p33, the p33 ORF was digested out of pRS424-ADH1/p33 with SpeI/XhoI and
ligated with similarly digested pRS423-ADH1. pRS424-ADH1/p33 was constructed by PCR
amplifying the p33 ORF from pGBKT7/p33 (McCartney, unpublished) using primers p33Xho Rp
and p33Spe Fp. The p33 fragment was then digested with SpeI and XhoI and subcloned into
SpeI/XhoI-digested pRS424-ADH1. To construct pRS425-ADH1 Rep, sequence encoding ORF1
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and ORF2 of the TBSV genome were PCR amplified from pGADT7 Rep (McCartney,
unpublished) using primers p92Xho Rp and p33Spe Fp. The resulting PCR products were
digested with SpeI and XhoI and ligated into SpeI-XhoI-digested pRS425-ADH1. pRS425-ADH1
p92 was generated via site-directed mutagensis of pRS425-ADH1 Rep using primers p33Xho Rp
and pHST20 PstFp to mutate the amber stop codon (TAA) in the p33 ORF to a Tyr (TAT) residue
in order to allow for expression of the full-length p92 protein.
The defective interfering RNA (i.e., DI-72) containing a Hepatic Delta Virus ribozyme
needed for generation of a viral 3‟ terminus capable of being processed by the TBSV replicase,
can be replicated in vivo by the TBSV p33 and p92 proteins in yeast systems (Panavas and Nagy,
2003). To clone the DI-72/HDVrib from pSAT2 DI-72/HDVrib (McCartney, unpublished) into
the yeast low-copy expression vector, pYC2/CT (Invitrogen), an intermediate cloning step was
required to switch the orientation of the KpnI and XhoI sites in the MCS, i.e., from 5‟-KpnI/XhoI3‟ to 5‟-XhoI/KpnI-3‟. This was accomplished by annealing oligonucleotides (KGFp21 and
KGRp22) containing the correct XhoI/KpnI orientation and bearing 5‟ HindIII and 3‟ XbaI digest.
The original MCS sequence was removed from pYC2/CT via HindIII-XbaI digestion and
replaced with the annealed and phosphorylated Fp21/Rp22 oligoprimers. The resulting construct,
pYC2/CT Fp21/Rp22 then became the template for the construction of pYC2/CT DI-72/HDVrib.
The defective interfering RNA progenitor, DI-72/HDVrib, was XhoI-KpnI-digested out of the
binary shuttle vector, pSAT2 DI-72/HDVrib and cloned into XhoI-KpnI-digested pYC2/CT
Fp21/Rp22.
TBSV replicase studies involving TEM of yeast were complemented with similar
experiments utilizing TBSV replicase-transformed yeast cells whose peroxisomes were visualized
via epifluorescent microscopy. Peroxisome identification via epifluorescence necessitated the
construction of vectors expressing the green fluorescent protein (GFP) (Tsien 1998) with a Cterminal appended alanine-lysine-leucine (AKL) type 1 peroxisomal targeting sequence as a
virtual fluorescent marker for the peroxisomal matrix. The pBEVY-X series vectors, specifically
pBEVY-A, encoding the auxotrophic marker adenine; pBEVY-L, encoding the auxotrophic gene
for leucine; and pBEVY-T, with the gene sequence for tryptophan, (all were generously donated
by Cathy Mason) each encoding an MCS downstream of the yeast constitutive ADH1 promoter
were employed for this purpose. The plant expression vector, pRTL2-GFP-MCS (provided by
Priya Dhanoa) was mutagenized, via site-directed mutagenesis, using KGFp28 and KGRp29 to
introduce sequences coding for the type 1 peroxisome targeting signal, AKL and stop codon, at
the C terminus of GFP to generate pRTL2/GFP-AKL-stop. The sequences encoding the GFPAKL-stop fusion protein were then digested out of pRTL2/GFP-AKL-stop using KpnI-EcoRI and
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cloned into similarly digested pBEVY-A, pBEVY-L, and pBEVY-T to generate pBEVY-A GFPAKL, pBEVY-L GFP-AKL, and pBEVY-T GFP-AKL, respectively.
pRS317 PGK DsRed-AKL encoding peroxisomal matrix targeted red fluorescent protein
(DsRed) (Campbell et al. 2002) expressed downstream of a strong constitutive phosphoglycerate
kinase (PGK) promoter was constructed by first, eliminating an internal HindIII site within the
sequence encoding DsRed-AKL in pRS315 PGK DsRed-AKL (generously provided by Dr. Joel
Goodman) via a silent mutation introduced using site directed mutagenesis with primers, KGFp38
and KGRp39. The PGK promoter, DsRed-AKL, and PGK terminator cassette was then digested
out of pRS315 PGK DsRed-AKL using HindIII and subcloned into similarly digested yeast
vector, pRS317 (American Type Culture Collection (ATCC), Manassas, VA, USA), that encodes
the auxotrophic amino acid, lysine.

2.4. Yeast Culturing Conditions
2.4.1. Yeast High Efficiency Lithium Acetate Transformation
A 50 mL YPAD culture was inoculated from a freshly streaked YPAD plate with
untransformed S. cerevisiae PJ69-4A (MATa, trp1-901, leu2-3, 112 ura3-52, his3-200, gal4,
gal80, LYS::GAL1-HIS3, GAL2 ADE2, met2::GALZ-lacZ) or YPD for untransformed
MMYO11α (MATα, can1-100, ade2-1, his3-11, 15, trp1-1, leu2-3, 112, ura3-1) or BY4742α
(MATα, his3-1, leu2-0, lys2-0, ura3-0) cells. The YPAD or YPD cultures were grown overnight
at 30°C in a rotary shaker set to 300 rpm. On the next day, the cultures were backdiluted into
fresh YPAD or YPD media to an optical density (λ600) of 0.5x106 cells/mL and grown for ~ 3-4
hours or until the cells had reached an OD600 of 1.0x106 cells/mL. The 50 mL cultures were spun
down for five min at 5000 rpm at room temp. The supernatant was discarded and the pellet was
resuspended in 25 mL of sterile ddH2O and spun again. After decanting the supernatant, the cell
pellet was resuspended in 900 μL of sterile ddH2O and divided equally between two sterile 1.5
mL microcentrifuge tubes. The tubes were spun at 13000 rpm for 1 min at room temperature. The
washed pellet was resuspended in 700 μL of sterile 100 mM lithium acetate (Appendix I) and
incubated on a rocker at 30°C for ten min. Afterwards, the cells were transferred to new, sterile
1.5 mL microcentrifuge tubes in 100 μL aliquots and then spun down for 1 min at 13000 rpm.
The supernatant was removed and the following reagents were added to each tube: 240 μL of
50% (w/v) of PEG3350, 36 μL of 1.0 M LiAc, 50 μL of 2 mg/mL salmon sperm DNA (Appendix
I), 34 μL of ddH2O, and finally 100 – 500 ng of the mini or midi-prep plasmid DNA.
Tubes were vortexed to resuspend yeast pellet and mix reagents before being incubated at
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42°C in a water bath for 30 min. The cells were spun down, resuspended in 1 mL sterile ddH2O,
100 to 250 μL of the resuspended cells were then plated on SD plates containing the amino acid
supplements minus the a propo auxotrophic marker(s).

2.4.2. Yeast Peroxisome Proliferation Culturing
Determining the effects of TBSV replicase proteins on peroxisome distribution and
number in yeast single gene knockout mutants, first, necessitated the observation of the same
proteins expressed in wildtype S. cerevisiae BY4742α cells. However, due to the small size of
yeast peroxisomes, culturing conditions were adapted to allow for the increase in size and number
of peroxisomes per cell so as to provide a better platform to visualize changes due to viral protein
expression. Yeast expression vectors, pRS423-ADH1, pRS425-ADH1 and pYC2/CT were
constructed based on earlier studies (Panavas and Nagy, 2003) where TBSV replicase proteins:
p33, p92, and rep were all expressed from the constitutive alcohol dehydrogenase (ADH1)
promoter. The DI-72/HDVrib, however, was expressed under a galactose-inducible promoter,
GAL1 to determine whether the distribution and number of peroxisomes is altered as a result of
the TBSV replicase protein products of if DI-72/HDVrib allowed for conformational changes in
the proteins resulting in visible peroxisome biogenetic modifications. All yeast were cotransformed with one of the pRS315, pRS316, or pRS317 vectors expressing the red fluorescent
protein, DsRed, encoding a yeast peroxisomal matrix targeted C-terminal peptide, AKL. The
DsRed-AKL was under control of the constitutive phosphoglycerate kinase (PGK) promoter.
Cells transformed with either one of p33, p92, or rep alone, p33 and p92 together, or in
concert with DI-72/HDVrib were initially grown in synthetic dextrose (SD) medium before
proceeding to backdilution through all transitions from sugar to fatty acid metabolism in relation
to TBSV replicase protein expression. A similar culturing series was employed to induce DI72/HDVrib expression prior to the transition from SGd to HMYO medium. Transformed cells
were initially grown in SD and then backdiluted into synthetic galactose (SGal) before being
introduced to SGd followed by culturing in SGd-YP and then HMYO media (McNew and
Goodman, 1994). Transformants were backdiluted from SD or SGal into synthetic glyceroldextrose (SGd) medium to prime the cells for β-oxidation needed after introduction of oleic acid
as sole nutrient source. Prior to transition into synthetic oleate (HMYO) medium, cells grown in
SGd were boosted with yeast-peptone (YP) to ensure smooth transition from SGd to HMYO
(McNew and Goodman 1994). Cells were allowed to grow for 24 hrs in HMYO and then 0.1%
galactose was introduced to induce expression of DI-72/HDVrib. Cells were fixed after culturing
in SD, SGal, SGd-YP, HMYO, and HMYO-Gal stages.
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A starting culture of 25 mL SD media with the appropriate 0.1% (w/v) amino acid
supplements was grown over night at 30°C, 300 rpm and then backdiluted to an optical density of
0.2 x106 cells/mL in SGd media containing appropriate 0.1% (w/v) amino acid selective medium.
The SGd cultures were grown until the optical density reached ~ 0.8 to 1.0 x106 cells/mL, at
which point, 2 mL of 10x yeast peptone (Appendix I) media was added to each culture to enhance
growth of the cells for 24 hrs. The cultures were then backdiluted to an optical density of 1.0 x10 6
cells/mL in HMYO media (Appendix I) with 0.1% (w/v) amino acid selection and grown for 24
hrs. At this stage, to induce the expression of DI-72/HDVrib from the galactose-based promoter,
0.1% (w/v) galactose stock was added to the HMYO for a final concentration of 15 mM galactose
The cells were allowed to grow at 30°C, 300 rpm, for another 24 hrs. The cells were then
harvested either after the SD, SGd-YP, HMYO, and HMYO-Gal stages of growth and prepared
for epifluorescence microscopy (Section 2.4.3). A second yeast media culturing series was also
performed to determine whether replication of the galactose-induced DI-72 RNA would require
prior peroxisome proliferation or not compared with galactose introduction after growth in
synthetic oleate medium (i.e., HMYO). To this end, the yeast were cultured initially in SD,
backdiluted into SGal, and then cultured in the SGd, SGd-YP, and finally the HMYO media. The
cells were fixed with 4% (w/v) formaldehyde (Appendix I) at each stage.

2.4.3. Yeast cell epifluorescence microscopy
All fluorescent images presented within this thesis are representative of >80% (from 100
– 500 cells/sample) of the transformed and cultured yeast cells. Both fluorescent and diffraction
interfering contrast (DIC) images of fixed yeast cells were obtained using an Axioskop 2 MOT
epifluorescence

microscope

(Carl

Zeiss,

Thornwood,

NY)

equipped

with

a

Zeiss

Plan/ACHROMAT 100X/1.40 oil-immersion/DIC objective and a Retiga 1300 charged-couple
device camera (Qimaging, Burnaby, Canada). Images were cropped for size, adjusted for contrast
and pseudo-coloured using either Northern Eclipse 7.0 (Empix Imaging, Mississauga, Canada) or
ImageJ (Wayne Rasband, Research Services Branch, National Institute of Mental Health,
Bethesda, Maryland, USA) and then composed into figures using Adobe Photoshop 8.0 (Adobe
Systems, San Jose, CA).

2.4.4. Protein extraction for yeast cells
Cells were inoculated into 3 mL starter culture of SD media containing 0.1% (w/v) amino
acid auxotrophic supplements, and 200 mg/mL G418 antibiotic and grown overnight in a 30°C
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rotary shaker. 500 μL of cells were spun down and backdiluted into 10 mL of SGal media
containing 0.1% (w/v) amino acid supplements and 200 mg/mL G418 and grown for ~12 hrs to
reach an optical density of approximately 1.0x106 cells/mL.
The culture was spun down at 13000 rpm for 1 min and resuspended in 1 mL cold, sterile
ddH20. The optical density was measured and the calculated volume needed to dilute the culture
to 1.0x106 cells/mL was transferred to a new microcentrifuge tube and resuspended in sterile
ddH20 to a total volume of 1.0 mL.
In a fumehood, 150 μL of freshly prepared 7.5 % (w/v) β-mercaptoethanol dissolved in 2
M NaOH was added to each sample tube. The sample tubes were vortexed and incubated on ice
for 15 min. Next, 150 μL of 55 % (w/v) trichloroacetic acid (TCA) was added and gently mixed
into the solution and then incubated on ice for 10 minutes. The solutions of 7.5 % (w/v) βmercaptoethanol and 55% (w/v) TCA were always freshly prepared and stored on ice until usage
that same day. After the incubation period, the lysed cells were centrifuged at 12 000 rpm at room
temperature for 10 min. Approximately 90 μL of the supernatant was transferred to a new 1.5 μL
microcentrifuge tube and stored at -20°C. The remaining pellet was resuspended in 100 μL of 1.5
% (w/v) dithiothreitol dissolved in modified sample buffer (Appendix I) and vortexed for 10 min.
The tubes were then centrifuged again at 13000 rpm for ten min. The supernatant containing the
solubilized lipid membrane proteins was transferred to a new microcentrifuge tube as stored at 20°C. All samples were thawed at room temperature and boiled at 80°C for five min prior to SDSPAGE analysis.

2.5. Yeast Transmission Electron Microscopy (TEM)
2.5.1. Culturing of S. cerevisiae for Transmission EM
The yeast cultures were grown overnight at 30°C at 300 rpm in 25 mL SD media
containing 0.1 % (w/v) of the appropriate amino acid selection. The overnight cultures were
backdiluted into either SD or SGal media, containing 0.1% (w/v) amino acid selection. The
backdiluted cultures were then grown until they reached an optical density of 0.8 to 1.0 x106
cells/mL.

2.5.2. S. cerevisiae Fixation Protocol I for transmission EM
All fixation steps were performed at room temperature unless stated otherwise. S.
cerevisiae PJ69-4A cells were grown in 25 mL SD media containing the appropriate 0.1% (w/v)
amino acid dropouts overnight in a 30°C rotary shaker. They were then backdiluted into fresh SD
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media with 0.1% (w/v) auxotrophic amino acid solution at an optical density of 0.2 x106
cells/mL. The cells were subsequently grown to an optical density of 0.8-1.0 x106 cells/mL, spun
down by centrifugation at 5 000 rpm, washed once with water and were then fixed at room temp
for 1 hr with 2.5% (v/v) glutaraldehyde (Fisher Scientific) and 1% (v/v) acrolein in 1x PBS buffer
on a rotary shaker. The fixed cells were washed three times by pelleting the cells for five min at
5000 rpm before decanting the supernatant and then resuspending the cells in 1x PBS. The cell
walls of the yeast were digested in a solution containing 0.5 g/L of 20T Zymolyase (Sigma) for a
series of 0, 10, 30, or 60 min. It was determined that the 60 min digestion period was optimal for
this fixation protocol. Again, the cells were washed three times with 1x PBS before proceeding
through a 1 hr post-fixation in a solution of 1% (v/v) osmium tetroxide (Appendix I) dissolved in
1x PBS followed by three washes in 1x PBS to remove all traces of osmium tetroxide. Yeast cells
were stained en bloc with 2% (w/v) uranyl acetate for 90 min followed by a step-wise
dehydration series with 30%, 50%, 75%, 80%, 90% (v/v) ethanol followed by three changes in
100% (v/v) ethanol, with each step lasting ten mins. Spurr‟s resin (Appendix I) is minimally
soluble in ethanol, so the epoxy monomer, propylene oxide (Acros Organics, Morris Plains, New
Jersey, USA), is used as a transition solvent to aid in drawing the Spurr‟s epoxy resin into the
cells prior to tissue embedding and curing. The cells were suspended in a solution containing 1:1
(v/v) 100% ethanol: propylene oxide for five min followed by two consecutive five min changes
of pure propylene oxide. To promote proper infiltration of the resin, the cells were suspended in a
1:3 (v/v) Spurr‟s resin: propylene oxide solution for 15 to 20 min, followed by a 2:1 (v/v) Spurr‟s
resin: propylene oxide mixture for another 15 to 20 min. It was determined that the propylene
oxide to Spurr‟s resin transition could also be performed by suspending the cells in 1:1 (v/v)
propylene oxide: Spurr‟s resin and allowing the propylene oxide to gas off within the fume hood,
thus increasing the concentration of Spurr‟s resin gradually over a time period of one hr.
Afterwards, the cells were immersed in two changes of Spurr‟s resin for 15 to 30 min each and
then embedded in fresh Spurr‟s resin within BEEM Hemi-hyperboloid plastic molds (Canemco
Inc., Canton de Gore, Quebec, Canada) by curing for 24 hrs at 70°C.

2.5.3 S. cerevisiae Fixation Protocol II for TEM
S. cerevisiae PJ69-4A or MMY011α transformed cells were inoculated into the
appropriate media, YPAD or SD, grown overnight and then backdiluted to an OD600 of 0.3 x106
cells/mL into fresh media and allowed to grow to an optical density (λ600) of 0.8 x106 cells/mL.
The following incubation steps described were performed at ambient room temp accompanied
with persistent horizontal rotary shaking at 30 – 50 rpm. The cells were pelleted via five min
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centrifugation at 5000 rpm, washed once with sterile ddH2O and were then fixed at room
temperature for 90 min with 3% (v/v) glutaraldehyde dissolved in 1x PBS buffer. The fixed cells
were washed three times with 1x PBS before undergoing 20 min post fixation with 1.5% (w/v)
potassium permanganate (Fisher Scientific) in 1x PBS. The cells were washed three times with 1x
PBS, followed by an ethanol dehydration series, transition series with propylene oxide and
subsequent infiltration and embedding in Spurr‟s resin as described in Section 2.5.2.

2.5.4 S. cerevisiae Fixation Protocol III for TEM
S. cerevisiae MMY011α untransformed cells were inoculated into 50 mL of YPAD
media and cultured overnight in a 30°C rotary shaker at 300 rpm. The cells were backdiluted to an
optical density of ~0.5x106 cells/mL and allowed to grow for 4 hr prior to cryo-fixation. The cells
were pelleted via centrifugation at 5000 rpm in ambient room temperature, washed once with
ddH2O and were either a) pre-fixed with 1% (v/v) formaldehyde in 20 mM HEPES buffer prior to
cryo-fixation or were b) immediately immersed in liquid nitrogen before proceeding to chemical
cryo-fixation. Cryo-fixation of yeast involved aliquoting 10 μL of washed cells into the central
core of a Leica membrane carrier grid pre-cleaned with 70% (v/v) ethanol. The grids were then
submerged in liquid Nitrogen under high pressure using a Leica EM PACT2 High Pressure
Freezer (Leica Microsystems Inc., Richmond Hill, Ontario, Canada). Grids carrying frozen yeast
cells were transferred to 1.5 mL microcentrifuge tubes containing a frozen solution of 1% (v/v)
osmium tetroxide dissolved in acetone before insertion into the Leica EM AFS2 system (Leica
Microsystems Inc.). The AFS2 was programmed to maintain the samples at -90ºC for 37 hrs
before proceeding to raise the temperature to -60ºC at a rate of 3ºC/hr over a period of 10 hrs. The
-60ºC set point was held for 12 hrs before proceeding to increase the temperature to -30ºC at a
rate of 3ºC/hr for 10 hrs. The specimens were held at -30ºC for 14 hrs. The osmium tetroxide
acetone was removed and supplanted with an acetone mixture containing 1% uranyl acetate and
returned to the AFS2 for a second series of temperature transitions beginning at -30ºC for 10 hrs.
The samples were then transitioned from -30ºC to +20ºC at a rate of 10ºC/hr for 5 hrs. The
samples were held at +20ºC for 26 hours prior to embedding in LR White. (Hess 2003).

2.6. Transmission EM on tobacco leaves
2.6.1. Rub-inoculation of Nicotiana benthamiana leaves
N. benthamiana seeds (provided by C.R. Flynn, Arizona State University) were sown in
LA Sunshine Mix Potting Soil in 5” pots and grown in Conviron E8 growth chambers at 21oC

28

with a 12 h light-12 h dark cycle. At the 3-4 leaf stage, single plants were transplanted into 3-4”
pots and provided with 20-20-20 (N-P-K) soluble fertilizer. At the 6-8 leaf stage, the plants were
removed from the growth chamber and transferred to the laboratory bench at reduced light
conditions at least four days prior to rub inoculation to facilitate introduction of viral RNA. A
solution of 30 μL of RNA Rub Inoculation Buffer (Appendix I) (Scholthof, 1999) containing 5-10
μg TBSV RNA transcripts (generously provided by K. Andrew White, York University, Toronto,
Ontario). Two of the upper-most leaves of the N. benthamiana plants were gently rubbed on the
adaxial leaf surface with 15 μL/leaf of the TBSV RNA rub inoculation solution using a gloved
index finger. Mock rub inoculations were performed using RNA rub inoculation buffer void of
TBSV RNA transcripts. The rubbed leaves were marked with coloured tape around the petiole
and allowed to sit for 4-10 days at laboratory light levels until symptoms (chlorotic and necrotic
lesions) of TBSV infection had appeared. On the tenth day, the leaves were harvested and either
prepared for TEM analysis or were frozen and ground to a fine powder in liquid nitrogen for
protein and RNA extraction.

2.6.2 Agrobacterium infiltration of N. benthamiana leaves
N. benthamiana plants grown under the same conditions as described for TBSV RNA
Rub Inoculation (Section 2.6.1) were employed in Agrobacterium tumefaciens infiltration. N.
benthamiana leaves were infiltrated with A. tumefaciens LBA4404 according to Kapila et al.
(1997). A 15 mL YEB (Appendix I) culture containing appropriate antibiotics was inoculated
with previously transformed A. tumefaciens LBA4404 and grown overnight in a 30°C rotary
shaker at 250 rpm. On the next day, 1 mL of the overnight culture was used to inoculate a
secondary 50 mL YEB culture containing appropriate antibiotic selection, 10 mM MES (SigmaAldrich), and 40 μL acetosyringone (Sigma-Aldrich) and incubated overnight at 30°C in a rotary
shaker set at 250 rpm. The next day, the OD600 of each culture was quantified before being
pelleted at 4000 rpm for ten min at room temperature. The supernatant was decanted and the cells
were resuspended in 10 mM MES and 40 μM acetosyringone to an OD600 of 1.0x106 cells/mL.
The cultures were incubated at room temperature for 3-4 hr. Infiltration of N. benthamiana leaves
was facilitated by gently puncturing the sections between veins (4-6 holes per leaf) in the upper 23 leaves and gently injecting the suspended A. tumefaciens cells into the holes in the leaves using
a 10 c.c. syringe as described by Kapila et al. (1997). The plants were then returned to previously
described light conditions to facilitate infection. After ten days, the leaves were harvested for
protein and RNA extraction or processed for TEM analysis.
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2.6.3 Protein extraction of tobacco leaf tissue
Agroinfiltrated leaves were severed from N. benthamiana plants using a clean razor blade
and ground down to a fine powder in liquid nitrogen using a pre-chilled mortar and pestle. The
powder was then stored in a 50 mL falcon tube at -80°C for later extraction or was divided up into
0.5 mL aliquots in 1.7 mL microcentrifuge tubes. To facilitate the extraction of soluble proteins,
100 μL of extraction buffer (25 mM HEPES-KOH pH 7.5, 3 mM DTT, 0.5 mM PMSF) was
added to a chilled microcentrifuge tube containing 0.5 mL of the previously ground plant tissue.
The mixture was allowed to thaw on ice for 15 min. The samples were centrifuge at 12 000 rpm
for 2 min at 4°C to pellet the plant debris. The supernatant containing the soluble protein fraction
was transferred to a new 1.7 mL microcentrifuge tube and retained for Western blot and
Coumassie staining to quantify protein loaded for SDS-PAGE.
Insoluble membrane proteins were extracted via resuspension of the remaining pellet in
100 μL Laemmli Buffer (2X: 100 mM Tris-HCl pH 6.8, 4% SDS, 0.2% bromophenol blue, and
20% Glycerol). The mixture was then boiled for 5 min at 80°C to fully denature the proteins. The
samples were spun at 12 000 rpm for 2 min at 4°C. The supernatant containing the solubilized
membrane proteins were transferred to a new 1.7 mL microcentrifuge tube and stored at -20°C
until needed. Protein samples were thawed at room temp and boiled at 80°C for five min prior to
SDS-PAGE analysis. The protein extracts were resolved using SDS-PAGE and visualized by
Coumassie Blue staining and destaining.

2.6.4 Transmission EM fixation protocol for N. benthamiana leaf tissue
The leaves were harvested 10 days post A. tumefaciens infiltration or RNA rub inoculation.
The leaves were immediately submerged in primary fixative containing 4% glutaraldehyde and
1% acrolein in 0.025 M NaPO4 in a petri dish. Leaf tissue was sliced into strips approximately 1-3
mm in width in the central, veined region of a leaf with a double-edged razor blade. Leaf samples
and remaining fixative were transferred into a vial ensuring full coverage of leaf with fixative. A
new vial was used for each sample. Strips of paper with labels written in pencil (solvents will
dissolve pen and permanent ink) were submerged in the fixatives with the tissue. The vials were
placed, standing upright, in a vacuum chamber with the caps loosened. A vacuum was applied for
10 min and then shut off, allowing for air intake, for ten min. The vacuum was reapplied and
vented four to five more times, after which the caps were tightened. All vials were placed
horizontally on a shaker overnight. The tissue was washed three times in 0.025 M NaPO4, two
hours per wash with constant agitation. All traces of primary fixative were removed so as to avoid
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cross-reaction with the post fixative.
Leaf tissue was then post-fixed overnight in a solution containing 1% osmium tetroxide
buffered by 0.025 M NaPO4 with constant shaking. Osmium tetroxide preserves lipid membranes
by reacting with long chain hydrocarbons, especially in cell membranes. After the post-fix the
tissues were washed three times in double distilled water, two hours per wash with persistent
agitation. Afterwards the leaves were dehydrated using a graduated series of ethanol changes: 50,
70, 80, 90, and three changes in 100% anhydrous ethanol with one hour of constant shaking per
change.
To mediate infiltration of Spurr‟s epoxy resin into the leaf tissues, the ethanol was
substituted with the epoxy monomer, propylene oxide, to transition leaf tissue from the alcohol
into the resin. The samples were treated with a 1:1 (v/v) solution of 100% anhydrous ethanol:
100% propylene oxide for one hr with constant agitation before undergoing treatment with two
changes of 100% propylene oxide for another one hr per each change.
Spurr‟s resin infiltration and embedding was mediated by submerging leaf tissue in 1:1
(v/v) 100% propylene oxide: Spurr‟s resin. Vials were left uncapped in the fumehood overnight to
allow for gradual vaporization of the propylene oxide, reducing the volume to volume ratio of
propylene oxide to Spurr‟s resin over time, facilitating the infiltration of the Spurr‟s resin into the
leaf tissues.
Afterwards, the samples underwent three treatments of 100% Spurr‟s resin for a duration
of two hours each prior to Spurr‟s embedding. The resin-infiltrated leaf tissue was cured for 1624 hours at 60°C.

2.6.5 Coating Grids for Transmission EM
Electron microscopy Copper grids with 200 mesh hexagonal-shaped perforations (J. B.
EM Services Inc., Dorval, Quebec, Canada) were washed in acetone and air dried on Whatman
filter paper. A plastic container was filled with ddH2O to the point of overflowing. A non-charged
glass microscope slide was cleaned with a Kimtech Science Kimwipes (Kimberly-Clarke),
regreased, and was gently dipped ¾ of the way down into 0.3% formvar solution (Appendix I).
The formvar-coated slide was blotted on filter paper and allowed to dry in a beaker containing
drierite (W.A. Hammond Drierite Co Ltd., Xenia, OH). After drying, the three edges of the slide
coated with formvar were scored with a razor blade to remove formvar from the edges. The slide
was then placed at an angle 10-20 degrees above the horizontal at the edge of the container of
water. While maintaining the angle of incline, the slide was slowly submerged, while gently
lifting the coating of formvar from the top of the slide, resting it on the surface of the water. The
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cleaned grids were gently lowered and dropped onto the film of formvar, shiny side facing
downward, to maintain consistency and for future reference when staining sections. A small sheet
of Parafilm® “M” (Pechinery Plastic Packaging Company) was cut and lowered on top of the
grids and formvar to lift the coated grids off the water. Coated grids were stored, formvar side up,
in a petri dish at room temp.

2.6.6 Sectioning and staining for transmission EM
Spurr‟s resin embedded plant and yeast tissue were sectioned into 1 µm thick, gold slices
using a Sorval® Porter-Blum MT-2 Ultramicrotome (Ivan Sorval Inc., Newtown, Connecticut,
USA). The sections were cut and floated on the surface of ddH2O using a Diatome Ultra 45°
diamond knife (Emsdiasum, Hatfield, PA, USA). The sections were then flattened by dipping a
toothpick in chloroform and hovering it over top of the sections. A formvar-coated copper grid
was laid, shiny side facing downward, over top of the sections, and lifted off at a 20-45 degree
angle. A pre-wetted triangle cut from Whatman No. 4 paper was used to gently draw excess water
from the grid prior to storage. Images were obtained using a 100 kV Philips CM-10 transmission
electron microscope with a top-mounted SIS/Olympus Morada 11 megapixel CCD camera.
Images were cropped, adjusted for brightness and contrast followed by composition in Adobe
Photoshop 8.0 (Adobe Systems, San Jose, CA).
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CHAPTER 3: TBSV REPLICASE PROTEINS IN WILDTYPE AND MUTANT
YEAST
3.1 Altered peroxisomal distribution patterns of S. cerevisiae BY4742α expressing
TBSV replicase proteins and a defective interfering RNA.
Plant cells infected with full-length TBSV RNA or the auxiliary protein, p33, possess
peroxisomes in an aggregated formation. Such morphological and distributional changes have
been documented in peroxisomes of both N. benthamiana and BY-2 cells (McCartney et al, 2005)
engaging the question of whether similar changes would occur in yeast. Panavas and Nagy (2003)
showed that the CNV p33/p92 replicase proteins were able to replicate (+) and (–) stranded DI
RNA in S. cerevisiae. Using yeast as a model organism for further studies into host-virus
interaction, single gene knock-out mutants of S. cerevisiae were screened for detrimental or
positive impacts on DI RNA replication by p33 and p92 (Jiang et al, 2006; Serviene et al, 2006;
Jonczyk et al, 2007; Panavas et al, 2008). Whereas these and other studies focused primarily on
RNA replication and recombination in vivo, this chapter shows global changes in peroxisome
number, distribution, and size in relation to TBSV replicase protein expression in concert with
DI-72. The inclusion of DI-72 in this study was used to ascertain whether there are specific
peroxisomal distribution patterns that are notable when one or more of the replicase proteins
binds to the DI RNA.
S. cerevisiae BY4742α cells were transformed separately with empty yeast expression
vectors, or vectors for p33, p92, DI-72, p33 with p92, or or p33 with p92 and DI-72. Vectors will
be referred to in further text by the names of the proteins that they encode, i.e., p33 for the vector
encoding p33. As the TBSV replicase proteins were expressed constitutively from their vectors,
the DI-72 was inducible with galactose. All cells were simultaneously transformed with a vector
encoding peroxisomal matrix-targeted, DsRed-AKL. DsRed is a red fluorescent protein that was
originally isolated from the coral, Discosoma and cloned and characterized for use in
epifluorescence microscopy (Campbell et al. 2002). DsRed tends to form tetrameric complexes
with itself and has a slower maturation rate (Campbell et al. 2002) than the more commonly used
green fluorescent protein (isolated from the bioluminescent jellyfish Aechorea victoria), which is
either monomeric or dimeric (Tsien 1998). DsRed in tetrameric form, is relatively resistant to
photobleaching when employed in epifluorescence microscopy (Campbell et al. 2002).
Yeast cells were initially cultured under standard growth conditions in synthetic dextrose.
Given that the average number of peroxisomes per cell was 1 – 4 in this medium, transformed
cells were transitioned from sugar metabolism into an oleate medium that required β-oxidation of
fatty acids to induce peroxisome proliferation. The increase in peroxisome number resulting from
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Figure 1. Peroxisomal distribution of S. cerevisiae BY4742α cells transformed with TBSV
p33, p92, Rep alone or in concert with DI-72 after growth in synthetic dextrose.
Cells of S. cerevisiae BY4742α transformed with one or more of the TBSV replicase proteins
with or without DI-72, as well as a peroxisomal-matrix targeted DsRed-AKL. Cells were grown
in SD medium, backdiluted into fresh SD at an OD ~ 0.2 until they reached 0.8x106 cells/mL and
fixed in 4% formaldehyde. Epifluorescence, DIC, and regions within the hatched boxes are
magnified in merged DsRed/DIC images as shown in a), p33; (f), p33 with DI-72; (b), p92; (g),
p92 with DI-72; (c), Rep; (h), Rep with DI-72; (d), p33 with p92; and (i), p33, p92 with DI-72.
Negative control cells are shown in (e), DI-72 and GFP-AKL (pseudocoloured red) and the empty
yeast vectors (j), pRS423-ADH1, pRS425-ADH1, and pYC2/CT Fp21/Rp22. (a – j) bar = 2 μm.
β-oxidation allows for easier detection of changes in the size and distribution of these organelles.
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All yeast cells had been transformed with one or more of the TBSV replicase protein
vectors, with or without DI-72, and backdiluted into synthetic dextrose (SD) medium, showed
signs of peroxisomal clustering. Cells transformed with p92 alone or p92 with DI-72 had a
comparatively lesser degree of peroxisome aggregation. No peroxisomal clusters were apparent in
yeast cells transformed with the negative controls, DI-72 alone, or all three empty yeast
expression vectors (Figure 1). Given that DI-72 is controlled by the GAL1 promoter,
transformants with the DI-72 construst should not vary drastically in peroxisomal allocation from
yeast transformants without DI-72 at this culturing stage. In Figure 1 (a, b, e, f, i) DsRedAKL/DIC merged images show 1 – 3 smaller to medium sized peroxisomes. Figure 1 (c) shows
two larger peroxisomes in a cell where the DsRed has also moved from the peroxisomal matrix
into the cytosol, resulting in the reddish hue throughout the cell. Cytosolic DsRed can also be
seen in (h) and the second cell in the upper right DsRed/DIC merged image in (d). Aggregated
peroxisomes are notable in (c, d, g, h) of Figure 1 suggesting that, in SD culture, the TBSV Rep
and p33 with p92-transformed cells result in peroxisomal aggregation.
To induce DI-72 expression and determine whether the DI-72 RNA expressed in concert
with TBSV replicase proteins would contribute to global changes in peroxisome allocation, the
yeast transformants were backdiluted from SD into SGal medium. Overall peroxisome numbers
did not change drastically or at all with this step. Subtle organellar clustering was noticeable for
cells transformed with p33 and DI-72, or p92 with DI-72 compared to minor aggregation in cells
expressing only p33, and no signs of clustering in cells with only p92 or Rep. Some clustering
was observed in cells expressing p33 with p92 or p33 with p92 and DI-72 whereas negligeable
aggregation was observed for negative controls: DI-72 expressed alone and empty yeast
expression vectors (Figure 2).
Due to the small number of peroxisomes per cell (averaging 1 – 4), yeast culturing
conditions were optimized to promote peroxisome proliferation via transitioning cells from sugar
metabolism to β-oxidation. Cells were initially grown in SD and backdiluted into SGd, and
boosted with YP before growth in synthetic oleate (HMYO) medium. Cells grown in SGd-YP
showed an increase in average peroxisome per cell from 1 – 3 (in SD) to 1 – 4. More drastic
increases, to an average of 2 – 5 peroxisomes per cell, were observed for cells expressing p92 and
Rep alone. Aggregation was notable in cells transformed with p92 and DI-72, Rep and DI-72, or
p33 with p92 (Figure 3) but not in negative controls using DI-72 or empty yeast vectors, and
other transformants.
The transfer from SD to SGd-YP to HMYO medium lead to a characteristic rise in
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Figure 2. DI-72 induction in S. cerevisiae BY4742α cells transformed with p33, p92, Rep
after transition from dextrose to galactose medium.
Cells of S. cerevisiae BY4742α transformed with one of the TBSV replicase proteins, p33, p92,
or Rep alone, or in combination with DI-72 were simultaneously transformed with a DsRed-AKL
targeted to the peroxisomal matrix. Cells were grown in SD medium, backdiluted into fresh SGal
at an OD ~ 0.2 until they reached 0.8x106 cells/mL and fixed with 4% formaldehyde.
Epifluorescence and DIC images are shown in (a), p33; (f), p33 with DI-72; (b), p92; (g), p92
with DI-72; (c), Rep; (h), Rep with DI-72; (d), p33 with p92; and (i), p33, p92 with DI-72.
Negative control cells are shown in (e), DI-72 and GFP-AKL (pseudocoloured red) and the empty
yeast vectors (j), pRS423-ADH1, pRS425-ADH1, and pYC2/CT Fp21/Rp22. (a – j) bar = 2 μm.
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peroxisome numbers, averaging 1 – 5 per cell for most transformants, and 1 – 7 for cells with p92
alone, or cells with Rep and DI-72. Cells transformed with either p33 or p92, or p33 with p92 and
DI-72 maintained an average of 1 – 4 peroxisomes per cell. Meanwhile, transformants with
aggregated peroxisomes included those with p33 with DI-72, p92 with DI-72, and Rep with DI72 (Figure 4).
To induce DI-72 expression, galactose was added to oleate cultures. The overall number
of peroxisomes per cell dropped to 1 – 4 overall with an average of 1 – 6 for cells transformed
with p92 alone, p92 with DI-72, and Rep with DI-72. Peroxisomal aggregation was observed in
cells transformed with p33, p92, Rep, and p33 with p92. Cells transformed with one or more of
the TBSV replicases and DI-72 seemed to show decreases in organellar clustering, with a notable
proliferation of peroxisomes when compared to the negative control cells (Figure 5).
To ascertain whether global peroxisomal distribution patterns were affected by DI-72
induction pre or post oleate culturing, cells (Figure 2) that had been grown in galactose after
dextrose were then proceeded through SGd-YP and then oleate medium. Notably, moderate to
more drastic evidence of peroxisomal aggregation can be seen in cells transformed with one of
p33, p92, or Rep, with the most apparent clustering observed in cells expressing either p33 alone
or both p33 and p92 together. Hatched boxes within epifluorescent images in Figure 6 were
magnified after performing DsRed/DIC merges on the images to show peroxisomal distribution
patterns characteristic of the specific transformant in question. Minor peroxisomal coalescence is
shown for cells expressing p33 with DI-72. Cells expressing DI-72 alone, p92 with DI-72, Rep
with DI-72, and p33 with p92 and DI-72 show no signs of peroxisome aggregation when
compared cells transformed with only empty yeast vectors (Figure 6).
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Figure 3. Peroxisomes of S. cerevisiae BY4742α cells expressing p33, p92, or Rep alone and
with DI-72 after growth in SGd-YP medium.
S. cerevisiae BY4742α transformed with one of the TBSV replicase proteins, p33, p92, or Rep
alone, or in combination with DI-72 were simultaneously transformed with a DsRed-AKL
targeted to the peroxisomal matrix. Cells were grown in SD medium, backdiluted into SGd at an
OD ~ 0.3, grown to an optical density of 0.8x106 cells/mL to ease the transition between sugar
metabolism and oleat-based β-oxidation. The cells were boosted for 24 hrs with YP, prior to
fixation in 4% formaldehyde. Epifluorescence and DIC images of SGd-YP grown cells are shown
in (a), p33; (f), p33 with DI-72; (b), p92; (g), p92 with DI-72; (c), Rep; (h), Rep with DI-72; (d),
p33 with p92; and (i), p33, p92 with DI-72. Negative control cells are shown in (e), DI-72 and
GFP-AKL (pseudocoloured red) and the empty yeast vectors (j), pRS423-ADH1, pRS425-ADH1,
and pYC2/CT Fp21/Rp22. (a – j) bar = 2 μm.
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Figure 4. Peroxisomal distribution in oleate grown cells of S. cerevisiae BY4742α
transformed with TBSV p33, p92, Rep alone or in concert with DI-72.
Cells of S. cerevisiae BY4742α transformed with one of the TBSV replicase proteins, p33, p92,
or Rep alone, or in combination with DI-72 were simultaneously transformed with a DsRed-AKL
targeted to the peroxisomal matrix. To induce peroxisome proliferation, SGd-YP grown cells
were backdiluted into HMYO medium at an OD of ~ 0.2 until they reached 1.0x106 cells/mL and
fixed with 4% formaldehyde. Epifluorescence and DIC images are shown in (a), p33; (f), p33
with DI-72; (b), p92; (g), p92 with DI-72; (c), Rep; (h), Rep with DI-72; (d), p33 with p92; and
(i), p33, p92 with DI-72. Negative control cells are shown in (e), DI-72 and GFP-AKL
(pseudocoloured red) and the empty yeast vectors (j), pRS423-ADH1, pRS425-ADH1, and
pYC2/CT Fp21/Rp22. (a – j) bar = 2 μm.
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Figure 5. Peroxisomal configurations in S. cerevisiae BY4742α transformed with TBSV p33,
p92, Rep alone or in concert with DI-72 oleate medium with galactose.
Cells of S. cerevisiae BY4742α transformed with one of the TBSV replicase proteins, p33, p92,
or Rep alone, or in combination with DI-72 were simultaneously transformed with a peroxisomal
matrix-targeted DsRed-AKL. After oleate induction of peroxisome proliferation, the cells were
grown in oleate with 0.15% galactose for 24 hrs prior to formaldehyde fixation. Epifluorescence
and DIC images are shown in (a), p33; (f), p33 with DI-72; (b), p92; (g), p92 with DI-72; (c),
Rep; (h), Rep with DI-72; (d), p33 with p92; and (i), p33, p92 with DI-72. Negative control cells
are shown in (e), DI-72 and GFP-AKL (pseudocoloured red) and the empty yeast vectors (j),
pRS423-ADH1, pRS425-ADH1, and pYC2/CT Fp21/Rp22. (a – j) bar = 2 μm.
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Figure 6. Allocation of peroxisomes in S. cerevisiae BY4742α transformed with TBSV p33,
p92, and Rep alone or in concert with DI-72 treated with galactose prior to oleate culturing.
S. cerevisiae BY4742α transformed with one of the TBSV replicase proteins, p33, p92, or Rep
alone, or in combination with DI-72 were simultaneously transformed with a peroxisomal matrixtargeted DsRed-AKL. Cells were grown in galactose medium (Figure 2) prior to transitioning
through SGd-YP and finally into synthetic oleate medium. Oleate-grown cells were fixed with
formaldehyde. Epifluorescence, DIC, and regions within the hatched boxes are magnified in
merged DsRed/DIC images as shown in (a), p33; (f), p33 with DI-72; (b), p92; (g), p92 with DI72; (c), Rep; (h), Rep with DI-72; (d), p33 with p92; and (i), p33, p92 with DI-72. Negative
control cells are shown in (e), DI-72 and GFP-AKL (pseudocoloured red) and the empty yeast
vectors (j), pRS423-ADH1, pRS425-ADH1, and pYC2/CT Fp21/Rp22. (a – j) bar = 2 μm.
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3.2 S. cerevisiae BY4742α single gene knockout mutants
Select single gene knock-out mutants pertaining to ESCRT vacuolar protein sorting
complexes as well as peroxisome biogenesis, lipid metabolism and other cell functions were
chosen for yeast culturing experiments. Mutants showing characteristics of altered peroxisome
distribution and abundance were then employed in similar culturing experiments after
transformation with TBSV replicase proteins, p33 and p92 and, as before, the peroxisomal-matrix
targeted red fluorescent protein, DsRed-AKL. Previous studies by Panavas et al. (2008) identified
a number of yeast genes essential for TBSV replication. In order to determine if these genes are
also involved in pMVB biogenesis during TBSV replication, their effects on normal peroxisome
shape, distribution and number in yeast cells was examined. Selected single gene knock-out
mutants of S. cerevisiae were transformed with the peroxisomal marker fusion protein DsRedAKL, grown in synthetic oleate media in order to cause peroxisome proliferation (i.e., increase in
peroxisome size and number) and then assessed using epifluorescence microscopy. Knocked-out
genes included: several ESCRT I-III and ESCRT-associated components (vps23, vps28, vps25,
vps36, vps24, vps32, bro1, doa4, and vps4); peroxisome biogenesis factors (peroxins) involved in
the assembly of the peroxisomal boundary membrane (pex3 and pex19); a sterol reductase
involved in membrane ergosterol production (erg4); a heteromeric transcription factor involved
in the activation of inositol biosynthesis (ino2); and glyceraldehyde-3-phosphate dehydrogenase,
a cytosolic enzyme involved in glycolysis and gluconeogenesis (tdh2).
Each mutant was transformed with the peroxisome-targeted fluorescent protein, DsRedAKL. Transformants were inoculated into and grown overnight in synthetic dextrose medium,
backdiluted into fresh SD medium. All mutants were screened using epifluorescence and DIC
microscopy for notable differences in peroxisome allocation to ascertain the extent to which, if
any, the mutation in question impacted these organelles. As described in Chapter 3.1., treatments
for S. cerevisiae BY4742α wildtype and mutant cells proceeded through several yeast culturing
mediums to transition them from sugar metabolism into β-oxidation to determine the degree of
any impacts on peroxisome proliferation. Peroxisome numbers at each culturing stage are listed in
Table 1. These experiments were intended to refine and narrow the list of suspected host genes
interacting with TBSV during viral infections. Selected mutants were then transformed with
TBSV replicase genes and observed after similar culturing conditions. These experiments were
intended to provide more insight into peroxisome biogenesis and virus-host interactions and are
described in Chapter 3.3.
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Cells transformed with a peroxisome-targeted DsRed-AKL were inoculated into and
grown in synthetic dextrose medium. S. cerevisiae BY4742α wildtype possesses an average of 1 –
4 peroxisomes per cell. Single gene knockout mutants depicting similar numbers of peroxisomes
include: vps27, vps4, erg4, and tdh2. Cells with a slight reduction in peroxisome number, down to
1 – 3, include vps25, vps36, vps32, doa4, and ino2. Similarly, a more extreme reduction in
peroxisome number averaging from 1 – 2 per cell was observed for vps28 and bro1.
Contrastingly, vps23 had a slight increase in the number of peroxisomes, ranging from 1 – 5 per
cell. As expected, the pex3 and pex19 mutants possessed no peroxisomes as evidenced by the
localization of DsRed-AKL throughout the cytosol (Figure 7).
Transitioning BY4742α cells from SD media to SGd and then SGd-YP resulted in similar
numbers of peroxisomes as witnessed previously in SD media alone. Cells possessing 1 - 4
peroxisomes include BY4742α wild-type, vps27, bro1, doa4, ino2, and tdh2. Averages of 1 – 3
and 1 – 2 peroxisomes per cell were observed in vps28, vps36, vps24, vps32, and vps25,
respectively. Mutant cells having 1 – 5 peroxisomes included vps23, vps4, and erg4. In the
transition from sugar to β-oxidation, those cells showing little, if any, increase in peroxisome
number included BY4742α wild-type, vps27, vps23, vps36, vps24, vps32, pex3, pex19, and tdh2.
Cells that underwent an increase in peroxisome number by one per cell include vps28, vps25,
doa4, vps4, erg4, and ino2. The most increase was detected for bro1, from 1 – 2 in SD media to 1
– 4 peroxisomes after growth in SGd-YP (Figure 8).
Peroxisome proliferation was evident in more single gene knockout mutant cells after
transition from SD to SGd and finally to HMYO medium. Cells that had anywhere from 1 or 2 –
6 peroxisomes included vps23, vps24, doa4, ino2, and tdh2. Cells averaging 1 – 5 peroxisomes
encompassed vps36, bro1, and erg4. For some transformants, the transition brought little increase
in peroxisome number as noted by the presence of 1 – 4 per cell in BY4742α wild-type, vps27,
vps28, vps25, and vps32. As per usual, pex3 and pex19 remained void of peroxisomes as indicated
by cytosolic DsRed-AKL. In contrast, vps4 saw a reduction in the number of peroxisomes, down
to 1 – 3 per cell after growth in HMYO, when compared to their earlier average of 1 – 5 per cell
as observed after growth in SGd-YP medium. Cells that appear to have negligible alterations in
peroxisome division after the transition from SGd-YP to HMYO include the BY4742α wild-type,
vps27, erg4, pex3, and pex19. Minor increases by one peroxisome per cell were observed in
vps23, vps28, vps32, and bro1, whereas more major increases, by two peroxisomes per cell when
compared to Figure 10, were noted for vps25, vps36, vps24, doa4, ino2, and tdh2. Conversely,
vps4 mutants had up to two fewer peroxisomes per cell than were observed for SGd-YP (Figure
9).
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Figure 7. Peroxisome
number and distribution
in S. cerevisiae BY4742α
wildtype and single gene
knockout mutant cells in
synthetic
dextrose
medium.
Wildtype and mutant cells
of S. cerevisiae BY4742α,
transformed with DsRedAKL were inoculated into
synthetic
dextrose
medium.
Cells
were
grown
overnight,
backdiluted into fresh SD
at an O.D. of ~ 0.2x10-6
cells/mL.
Cells were
grown to an O.D. of ~
0.8x106 cells/mL and
fixed
in
4%
formaldehyde. The first
column
shows
epifluorescence images,
with magnified panels in
the third column. DIC
images are shown in the
second
and
fourth
columns. Bar = 2 μm.

44

Figure 7 continued.
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Figure 8. Peroxisome
numbers in mutant yeast
cells after transitioning
from synthetic dextrose
to SGd-YP medium.
Wildtype and mutant S.
cerevisiae BY4742α cells,
transformed with DsRedAKL, were backdiluted
from synthetic dextrose
into SGd medium at an
O.D. of ~ 0.2x106
cells/mL.
Cells were
grown to an O.D. of ~
0.8x10-6
cells/mL,
supplementing with YP
for 24 hrs and fixed with
4%
formaldehyde.
Epifluorescence images
shown in the first clolumn
are magnified in panels of
the third column. DIC
images are shown in the
second
and
fourth
columns. Bar = 2 μm.
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Figure 8 continued.
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Figure 9. Peroxisome
size and distribution of
S. cerevisiae BY4742α in
synthetic oleate medium.
Wildtype and mutant S.
cerevisiae BY4742α cells,
transformed with DsRedAKL, were backdiluted
from SGd-YP into HMYO
medium at an O.D. of ~
0.2x106 cells/mL. Cells
were grown to an O.D. of
~ 1.0x10-6 cells/mL and
fixed with formaldehyde.
Epifluorescence images
shown in the first clolumn
are magnified in panels of
the third column. DIC
images are shown in the
second
and
fourth
columns. Bar = 2 μm.
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Figure 9 continued.
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Cells from the SGd-YP to HMYO transition shown in Figure 9 were treated with 0.15%
galactose for 24 hrs. Of the cells that experienced minor to drastic increases in peroxisome
number, there was vps4 (totaling 1 – 4) and erg4 (totaling 2 – 5), both with an increase by one
peroxisome, and then BY4742α wild-type, with an increase by two peroxisomes (totaling 2 – 6)
per cell when compared to images in Figure 9. Those cells that presented a single-peroxisome
decrease included vps27, vps36, and bro1. An average decrease of two peroxisomes per cell was
apparent in vps23, vps24, vps32, ino2, and tdh2. The most pronounced reduction in peroxisome
number, by an average of 3 per cell, was noted in doa4. Lastly, cells that experienced little change
in the transition from HMYO to HMYO-Gal included vps28, vps25, and as expected, pex3 and
pex19. (Figure 10). Table 1 summarizes the data for peroxisome numbers.
Upon transitioning cells grown in synthetic dextrose to synthetic galactose, marked
increases in peroxisome number were noted for several mutants, while others showed minor
decreases or no evident changes overall. Of the two cell types that experienced an increase by an
average of one peroxisome per cell, the BY4742α wild-type and vps27 both possessed anywhere
from 1 – 5 peroxisomes, whereas bro1 had 1 – 3 per cell. Cells showing negligible changes
comprised vps23, vps25, doa4, pex3, pex19, ino2, and tdh2. Two mutants saw a reduction in
peroxisome number: vps4, by one peroxisome per cell, compared to erg4, which saw a decrease
by two peroxisome per cell when backdiluted into SGal medium. The switch to galactose brought
an increase by either two or three peroxisomes in vps28 and vps36, or vps24 and vps32,
respectively, resulting in a final total peroxisome count per cell as either 1 – 5 or 1 – 6 (Figure
11).
The cells transitioned from SD to SGal were further cultured, as previously, in SGd, then
SGd-YP and finally into HMYO medium at which point they were preserved with formaldehyde.
In comparing the transition from SGal to HMYO medium, cells that had a moderate one
peroxisome per cell increase included BY4742α, vps27, bro1, and doa4. Interestingly, the same
cells as previously discussed in Figure 11 that showed no noticeable changes in peroxisome
number were, as before, vps23, vps25, and as expected pex3 along with pex19. Those mutants
depicting signs of a reduced peroxisome number included vps28, vps36, vps24, and vps32. More
drastic evidence of proliferation, with an overall increase by three peroxisomes per cell, was
apparent in vps4, erg4, ino2, and tdh2. The most pronounced proliferation was observed for both
vps4 (2 – 6 per cell) and tdh2 (2 – 7 per cell). Of significance, DIC images for ino2 cells show
irregularly large cells characteristic for this mutant (Figure 12).
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Figure 10. Peroxisome
number and allocation
in S. cerevisiae BY4742α
cells grown in HMYOGal medium.
Wildtype and mutant S.
cerevisiae BY4742α cells,
transformed with DsRedAKL, grown for 24 hrs in
synthetic oleate medium.
Cells were cultured for 24
hr after 0.15% synthetic
galactose was added prior
to formaldehyde fixation.
Epifluorescence images
shown in the first clolumn
are magnified in panels of
the third column. DIC
images are shown in the
second
and
fourth
columns. Bar = 2 μm.
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Figure 10 continued.
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Figure 11. Allocation
and
number
of
peroxisomes in yeast
cells grown in synthetic
galactose.
Wildtype and mutant S.
cerevisiae BY4742α cells,
transformed with DsRedAKL, were inoculated
into dextrose medium, and
backdiluted into fresh
galactose at an O.D. of
0.2x106 cells/mL. Cells
were grown until an O.D.
of 0.8x106 cells/mL was
reached
before
formaldehyde
fixation.
Epifluorescence images
shown in the first column
are magnified in panels of
the third column. DIC
images are shown in the
second
and
fourth
columns. Bar = 2 μm.
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Figure 11 continued.
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Table 1. Peroxisome proliferation in selected S. cerevisiae BY4742α mutants
synthetic dextrose, glycerol, and oleate medium with or without galactose.
S. cerevisiae
Synthetic dextrose Synthetic glycerol- Synthetic oleate
BY4742α
(SD) medium
dextrose + yeast
(HMYO) medium
knockout mutant
peptone (SGd-YP)
medium
BY4742α wildtype 1-4
1-4
1-4
vps27
1-4
1-4
1-4
vps23
1-5
1-5
2-6**
vps28
1-2
1-3*
1-4*
vps25
1-3
1-2
1-4**
vps36
1-3
1-3
1-5**
vps24
1-3
1-3
2-6**
vps32
1-3
1-3
1-4*
bro1
1-2
1-4**
1-5*
doa4
1-3
1-4*
2-6*
vps4
1-4
1-3
1-5*
pex3
pex19
erg4
1-4
1-5
1-5
ino2
1-3
1-4*
1-6**
tdh2
1-4
1-4
2-6**
* denotes overall increase of one peroxisome per cell after transition into new medium
** denotes overall increase of two or more peroxisomes per cell after transition into new medium
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after culturing in
Synthetic oleate +
0.1% galactose
medium (HMYOGal)
2-6**
1-3
1-4
1-4
1-4
1-4
1-4
1-2
1-4
1-3
1-4*
2-5*
1-4
1-4

Figure 12. Peroxisome
numbers and location in
yeast cells transitioned
from synthetic galactose
into oleate medium.
Wildtype and mutant S.
cerevisiae BY4742α cells,
transformed with DsRedAKL, grown in galactose
were transitioned thorugh
SGd-YP
into
oleate
medium and fixed with
formaldehyde.
Epifluorescence images
shown in the first clolumn
are magnified in panels of
the third column. DIC
images are shown in the
second
and
fourth
columns. Bar = 2 μm.
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Figure 12 continued.
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3.3. Peroxisome distribution patterns pre-, during, and post oleate induction of
select yeast mutants transformed with p33 and p92.
Single gene knockout mutants of S. cerevisiae BY4742α identified as producing
interesting peroxisome distribution patterns in previous oleate induction screens (Section
3.2.) were chosen for further study involving TBSV replicase proteins. The mutants were
transformed with pRS423-ADH1 p33, pRS425-ADH1 p92, and pRS316 PGK DsRedAKL or empty yeast expression vectors: pRS423-ADH1, pRS425-ADH1 and pRS316
PGK DsRed-AKL as negative controls. As before, the cells were inoculated into
synthetic dextrose medium prior to backdilution into synthetic galactose before
proceeding to SGd or they were transferred from SD to SGd, directly. After culturing in
SGd, supplementing with YP, the cells were then grown in HMYO to induce peroxisome
proliferation. Cells that experienced no previous treatment with synthetic galactose
medium were then exposed, while in HMYO, to 0.1% galactose for 24 hrs before final
processing for epifluorescence microscopy. Selected mutants include: vps28, vps25,
vps32, doa4, vps4, pex3, erg4, and ino2. All data regarding peroxisomal allocation and
number has been compiled in Table 2.
S. cerevisiae BY4742α vps28 cells transformed with negative controls (empty
vectors) showed little signs of aggregation when grown in SD, however, minimal
aggregation appeared after culturing in SGd-YP, HMYO, and HMYO-Gal. p33 and p92transformed cells had many non-aggregated peroxisomes in SD, with the appearance of
peroxisomal aggregation occuring after the transitioning of cells into SGd-YP, HMYO,
and HMYO-Gal. One plausible rational for notable increases in peroxisomal aggregation
after oleate transitioning would be that aggregations of peroxisomes become more
apparent when these organelles have increased in number. The TBSV replicase proteins
enhance peroxisome differentiation in SD-grown cells and peroxisomal aggregation in
cells primed for β-oxidation (Figure 13).
Except for the HMYO cultured cells, no peroxisome aggregation was apparent for
negative control yeast, which also experienced a gradual increase in peroxisome number
after oleate induction. The TBSV replicase proteins induced massive peroxisome
proliferation in SD-grown cells (1 – 9 pex/cell) which contrasted with the 1 – 3/cell
average in galactose, neither producing peroxisome clusters. Both the SGd-YP and
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Figure 13. Peroxisomal
distributions
in
S.
cerevisiae BY4742α vps28
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescent and DIC
micrographs of BY4742α
vps28 cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGdYP, (c) HMYO, or (d)
HMYO-Gal medium. Cells
triple-transformed
with
pRS423-ADH1 p33 +
pRS425-ADH1 p92 +
pRS316 PGK DsRed-AKL
were grown in (e) SD, (f)
SGd-YP, (g) HMYO, (h)
HMYO-Gal media. Subset
images indicate magnified
areas of epifluorescent and
DIC images detailing of
peroxisomal
size
and
distribution. (a – h) bar = 2
μm.
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HMYO-cultured cells had 1 – 5 peroxisomes/cell with minimal aggregation. SD-grown
cells expressing p33 and p92 saw a rise in peroxisome numbers (Figure 14).
The vps25 mutant cells transformed with empty yeast vectors had an average
peroxisome/cell number of 1 – 2 in SD media, which gradually increased to 1 – 6 and
then 1 – 7 after HMYO and HMYO-Gal culturing, respectively. Growth of cells in
glycerol, oleate, and oleate-galactose mediums resulted in peroxisome aggregation where
none was observed for cells grown in dextrose. Similar results were obtained for p33 and
p92-transformed cells save for a notable reduction of peroxisome aggregation and
proliferation in (f) through (h) (Figure 15).
Throughout the SD to SGal and SGd-YP to HMYO culturing, vps25 cells
transformed with empty yeast vectors show minor increases in peroxisome number with
minimal aggregation. For p33 and p92-transformed cells, there is minimal proliferation
after galactose and oleate culturing and an emergence of larger peroxisomes, or clusters
plausibly indicative of peroxisomal aggregation. Replicase-transformed cells grown in
SD had no peroxisomal clustering (Figure 16).
Transitioning negative control-transformed vps32 cells from SD to SGd-YP
caused a moderate increase in peroxisome number, from 1 – 3 to 1 – 5 pex/cell, whereas
the transition from SGd-YP to HMYO resulted in an average of 1 – 10 pex/cell. Adding
galactose after cultiring with oleate led to a reduction in overall peroxisome number per
cell, 1 – 4. Only in the SGd-YP and HMYO-grown cells was there any appearance of
minimal peroxisomal clustering, and the latter may well be due to the excessive number
of peroxisomes per cell. In p33 and p92-transformed cells, the peroxisome number
remained relatively consistent with minimal increase in peroxisome number and no
organellar aggregation (Figure 17).
Mutant vps32 cells transformed with only empty yeast expression vectors showed
no signs of peroxisomal aggregation throughout the transition from SD, SGal, SGd-YP,
and HMYO, although the large number of peroxisomes (1 – 7 per cell) observed after
HMYO culturing appear slightly aggregated. In (a), cells have a maximum of 2
peroxisomes per cell, where that maximum increases from (b) 3 pex/cell, (c) 6 pex/cell,
and finally (d) 7 pex/cell. Cells transformed with p33 and p92 showed no capacity for
peroxisome proliferation throughout galactose and oleate culturing. Neither of the vps32
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Figure 14. Peroxisomal
distributions
in
S.
cerevisiae BY4742α vps28
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescent and DIC
images of BY4742α vps28
cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGal,
(c) SGd-YP, and (d)
HMYO media. Cells tripletransformed with pRS423ADH1 p33 + pRS425ADH1 p92 + pRS316 PGK
DsRed-AKL were grown in
(e) SD, (f) SGal, (g) SGdYP, and (h) HMYO media.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a –
h) bar = 2 μm.

61

Figure 15. Peroxisomal
distributions
in
S.
cerevisiae BY4742α vps25
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescent and DIC
images of BY4742α vps25
cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGdYP, (c) HMYO, and (d)
HMYO-Gal media. Cells
triple-transformed
with
pRS423-ADH1 p33 +
pRS425-ADH1 p92 +
pRS316 PGK DsRed-AKL
were grown in (e) SD, (f)
SGd-YP, (g) HMYO, and
(h) HMYO-Gal media.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a
– h) bar = 2 μm.
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Figure 16. Peroxisomal
distributions
in
S.
cerevisiae BY4742α vps25
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescence and DIC
micrographs of BY4742α
vps25 cells that were
triple-transformed
with
pRS423-ADH1 + pRS425ADH1 + pRS316 PGK
DsRed-AKL grown in (a)
SD, (b) SGal, (c) SGd-YP,
and (d) HMYO media.
Cells
triple-transformed
with pRS423-ADH1 p33 +
pRS425-ADH1 p92 +
pRS316 PGK DsRed-AKL
were grown in (e) SD, (f)
SGal, (g) SGd-YP, and (h)
HMYO media. Magnified
areas of epifluorescent and
DIC images detailing cells
of interest are also shown.
(a – h) bar = 2 μm.
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Figure 17. Peroxisomal
distributions
in
S.
cerevisiae BY4742α vps32
mutant cells transformed
with p33, p92 or empty
vectors
under
certain
growth conditions.
Epifluorescence and DIC
microscopy of BY4742α
vps32 cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGdYP, (c) HMYO, and (d)
HMYO-Gal media. Cells
triple-transformed
with
pRS423-ADH1
p33
+
pRS425-ADH1
p92
+
pRS316 PGK DsRed-AKL
were grown in (e) SD, (f)
SGd-YP, (g) HMYO, and (h)
HMYO-Gal
media.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown.
(a – h) bar = 2 μm.
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Figure 18. Peroxisomal
distributions in S.
cerevisiae BY4742α
vps32 mutant cells
transformed with p33,
p92 or empty vectors
under certain growth
conditions.
Epifluorescence and DIC
microscopy of BY4742α
vps32 cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGal,
(c) SGd-YP, and (d)
HMYO media. Cells tripletransformed with pRS423ADH1 p33 + pRS425ADH1 p92 + pRS316 PGK
DsRed-AKL were grown
in (e) SD, (f) SGal, (g)
SGd-YP, and (h) HMYO
media. Magnified areas of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a
– h) bar = 2 μm.
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cells transformed with the empty vectors or the TBSV replicase proteins had clustered
peroxisomes (Figure 18).
Negative control vps4 cells transformed only with empty yeast vectors showed
gradual increases in peroxisome number during SD (1 – 3/cell) to oleate transition (1 – 4
to 1 – 5/cell) through to HMYO-Gal (1 – 6/cell) culturing stage. Transition of BY4742α
vps4 through different mediums lead to minor peroxisomal aggregates, initiating with
none in SD medium, and followed by minor aggregation in SGd-YP through to HMYOGal medium. p33 and p92-transformed cells show more drastic increases in peroxisome
number, initiating at 1 – 3/cell in SD, to 1 – 5/cell in SGd-YP, and 3 – 11/cell in HMYO,
but subsequently dropping down to 1 – 5/cell in HMYO-Gal. Peroxisomal aggregation
also increased from SGd-YP to HMYO with noticeable aggregation in HMYO-Gal. Cells
in HMYO are also increasingly large in comparison to others (Figure 19).
Negative control vps4 cells had an average of 1 – 3 peroxisomes/cell in (a) SD
media with peroxisome number growing to 1 – 5 in (b) SGal, 1 – 6 in (c) SGd-YP, and 1
– 10 in (d) HMYO. Peroxisomes in SD and SGal showed no signs of aggregation which
was more apparent in SGd-YP and HMYO. A similar trend was observed for p33 and
p92-transformed cells with no peroxisomal aggregation in (e) SD, minimal, if any,
aggregation in (f) SGal and (g) SGd-YP, leading to clearly defined aggregates in (h)
HMYO cultured cells. Cells expressing TBSV replicase proteins showed no increase in
peroxisome number, maintaining an average of 1 – 4/cell from SGal to HMYO medium.
Cells of either transformation grown in SGal medium appear to be larger in comparison
(Figure 20).
S. cerevisiae BY4742α doa4 Cells transformed with empty yeast vectors grown in
(a) SD media have an average of 1 – 3 peroxisome/cell, and no peroxisomal aggregates.
During the oleate transition, peroxisome numbers and clusters increase and are associated
with minor aggregation seen in (b) 1 – 4/cell in SGd-YP, (c) 1 – 10/cell in HMYO, and
(d) 1 – 6/cell in HMYO-Gal. Similar peroxisomal clustering was seen TBSV replicasetransformed cells in (f) SGd-YP , (g) HMYO, and (h) HMYO-Gal, while absent in (e)
SD. Peroxisomes numbers did not increase drastically during the conversion from sugar
to oleate metabolism: (e) 1 – 3/cell, (f) 1 – 5/cell, (g) 1 – 4/cell, and (h) 1 – 4/cell,
suggesting that p33 and p92 impede peroxisome biogenesis for this mutant (Figure 21).
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Figure 19. Peroxisomal
distributions
in
S.
cerevisiae BY4742α vps4
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescence and DIC
microscopy of BY4742α
vps4 cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGdYP, (c) HMYO, and (d)
HMYO-Gal media. Cells
triple-transformed
with
pRS423-ADH1
p33
+
pRS425-ADH1
p92
+
pRS316 PGK DsRed-AKL
were grown in (e) SD, (f)
SGd-YP, (g) HMYO, and
(h) HMYO-Gal media.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a –
h)
bar
=
2
μm.
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Figure 20. Peroxisomal
distributions
in
S.
cerevisiae BY4742α vps4
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescence and DIC
microscopy of BY4742α
vps4 cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGal,
(c) SGd-YP, and (d)
HMYO media. Cells tripletransformed with pRS423ADH1 p33 + pRS425ADH1 p92 + pRS316 PGK
DsRed-AKL were grown in
(e) SD, (f) SGal, (g) SGdYP, and (h) HMYO media.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a –
h)
bar
=
2
μm.
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Figure 21. Peroxisomal
distributions
in
S.
cerevisiae BY4742α doa4
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescence and DIC
microscopy of BY4742α
doa4 cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGdYP, (c) HMYO, and (d)
HMYO-Gal media. Cells
triple-transformed
with
pRS423-ADH1
p33
+
pRS425-ADH1
p92
+
pRS316 PGK DsRed-AKL
were grown in (e) SD, (f)
SGd-YP, (g) HMYO, and
(h) HMYO-Gal media.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a –
h)
bar
=
2
μm.
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Figure 22. Peroxisomal
distributions
in
S.
cerevisiae BY4742α doa4
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescence and DIC
microscopy of BY4742α
doa4 cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGal,
(c) SGd-YP, and (d)
HMYO media. Cells tripletransformed with pRS423ADH1 p33 + pRS425ADH1 p92 + pRS316 PGK
DsRed-AKL were grown
in (e) SD, (f) SGal, (g)
SGd-YP, and (h) HMYO
media. Magnified areas of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a
– h) bar = 2 μm.
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Throughout sugar-to-oleate transitioning of S. cerevisiae BY4742α doa4 minimal
peroxisomal aggregation was observed in (b) SGal with 1 – 4 peroxisomes/cell, (c) SGdYP with 1 – 5/cell, and (d) HMYO with 1 – 5/cell, while none was apparent in (a) SD
with an average of 1 – 3/cell. A similar lack of aggregation could be seen in p33 and p92transformed cells with the following average peroxisome numbers (e) SD with 1 – 3/cell,
(f) SGal with 1 – 4/cell, and (g) SGd-YP with 1 – 6/cell. Clear aggregation was observed
in (h) HMYO with 1 – 7/cell. For this mutant, after galactose culturing, the TBSV
replicase proteins enhance peroxisome biogenesis in oleate medium. Cells with empty
yeast vectors were impaired in generating peroxisome numbers during after oleate
induction (Figure 22).
The pex3 mutants fail to produce peroxisomes independently of any culturing
conditions and all DsRed throughout the cytosol as witnessed in cells shown in (a) SD
through (e) HMYO-Gal. No other major differences were observed in cells transformed
with empty yeast vectors or the TBSV replicase genes. (Figure 23).
Similarly, pex3 mutants fail to produce peroxisomes independently of any
culturing conditions. As a result, DsRed was cytosolically localized as witnessed in cells
of (a) through to (e) regardless of culturing conditions. Cells transformed with empty
yeast vectors or TBSV replicase genes appeared unaffected in size and shape. (Figure
24).
During oleate induction, peroxisomes of erg4 cells transformed with the empty
yeast vectors consistently rose in number, averaging from (a) SD with 1 – 4
peroxisomes/cell, (b) SGd-YP with 1 – 5/cell, (c) HMYO with 1 – 7/cell to (d) HMYOGal 1 – 10/cell, with observably aggregated peroxisomes at each stage. However, fewer
distinct organellar clusters were noted for p33 and p92-transformed cells, with no
aggregation apparent in (h). Replicase-transformed cells progressed from an average an
average number of peroxisomes of (e) SD with 1 – 6/cell, (f) SGd-YP with 1 – 4/cell, (g)
HMYO with 1 – 7/cell, to (h) HMYO-Gal with 1 – 5/cell. Notably, the cells of (e) and (f)
appear larger, by comparison, to (a – d), (g) and (h) (Figure 25).
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Figure 23. Peroxisomal
distributions
in
S.
cerevisiae BY4742α pex3
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescence and DIC
microscopy of BY4742α
pex3 cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGdYP, (c) HMYO, and (d)
HMYO-Gal media. Cells
triple-transformed
with
pRS423-ADH1 p33 +
pRS425-ADH1 p92 +
pRS316 PGK DsRed-AKL
were grown in (e) SD, (f)
SGd-YP, (g) HMYO, and
(h) HMYO-Gal media.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a
– h) bar = 2 μm.
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Figure 24. Peroxisomal
distributions
in
S.
cerevisiae BY4742α pex3
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescent and DIC
micrographs of BY4742α
pex3 cells that were tripletransformed with empty
yeast expression vectors:
pRS423-ADH1 + pRS425ADH1 + pRS316 PGK
DsRed-AKL and were
grown in (a) SD, (b) SGal,
(c) SGd-YP, and HMYO
medium. Cells transformed
with p33, p92 and a
DsRed-AKL
were
subjected
to
similar
culturing conditions and
can be seen in (e) SD, (f)
SGal, (g) SGd-YP, and (h)
HMYO
medium.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a
– h) bar = 2 μm.
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Figure 25. Peroxisomal
distributions
in
S.
cerevisiae BY4742α erg4
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescence and DIC
microscopy of BY4742α
erg4 cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGdYP, (c) HMYO, and (d)
HMYO-Gal media. Cells
triple-transformed
with
pRS423-ADH1 p33 +
pRS425-ADH1 p92 +
pRS316 PGK DsRed-AKL
were grown in (e) SD, (f)
SGd-YP, (g) HMYO, and
(h) HMYO-Gal media.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a –
h)
bar
=
2
μm.
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Figure 26. Peroxisomal
distributions
in
S.
cerevisiae BY4742α erg4
mutant cells transformed
with p33, p92 or empty
vectors
under
certain
growth conditions.
Epifluorescent and DIC
micrographs of BY4742α
erg4 cells that were tripletransformed with empty
yeast expression vectors:
pRS423-ADH1 + pRS425ADH1 + pRS316 PGK
DsRed-AKL and were grown
in (a) SD, (b) SGal, (c) SGdYP, and HMYO medium.
Cells transformed with p33,
p92 and a DsRed-AKL were
subjected to similar culturing
conditions and can be seen in
(e) SD, (f) SGal, (g) SGdYP, and (h) HMYO medium.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a –
h) bar = 2 μm.

75

Whereas erg4 mutants in (a) SD with 1 – 2 peroxisomes/cell, showed no
peroxisomal clustering, (b) SGal with 1 – 6/cell, (c) SGd-YP with 1 – 5/cell, and (d)
HMYO with 1 – 6/cell, showed signs of minimal peroxisomal aggregation. Similar
distribution patterns were observed for (e) SD with 1 – 3/cell with no peroxisomal
clustering, (f) SGal with 1 – 5/cell, and (g) SGd-YP with 1 – 7/cell. Only (h) HMYOgrown cells appeared to have aggregated peroxisomes and an average of 1 – 6/cell. Cells
transformed with either empty yeast vectors or the TBSV replicase genes showed a
similar pattern for peroxisome numbers: a rise in peroxisome number in the transition
from SD to galactose with a continued increase from SGal to SGd-YP for the p33 and
p92-transformed cells, but a drop after HMYO culturing. The differences appear to be
mostly minor for erg4 mutants after growth in galactose and oleate medium (Figure 26).
Mutant ino2 cells transformed with empty yeast vectors undergo drastic
peroxisome proliferation as witnessed in the transition from (a) SD with 1 – 5
peroxisomes/cell, (b) SGd-YP with 1 – 8/cell, to (c) HMYO with 1 – 16/cell, which
dropped to an average of 1 – 10/cell in (d) HMYO-Gal. Numerous peroxisomes were
noted for p33 and p92- transformed cells, with (e) SD having 1 – 6/cell, (f) SGd-YP with
1 – 8/cell, (g) HMYO with 1 – 6/cell, and (h) HMYO-Gal with 1 – 7/cell. TBSV
replicase-transformed cells possess many peroxisomes but lack the intense period of
proliferation noted for cells containing only empty yeast vectors. Minimal aggregation
was observed for all transformants (empty vectors and replicase genes) in HMYO-Gal
medium, however, this may be due to the high number of peroxisomes in each cell. A
major attribute for ino2 mutants, regardless of transformation or culturing conditions, is
the consistent appearance of extremely large and often, elongated cells (Figure 27).
Many peroxisomes are observed for both ino2 transformants, however, the empty
yeast vectors experienced no major proliferation events during oleate culturing as shown
by the total average of 1 – 8 peroxisomes/cell for (a) SD, (b) SGal, (c) SGd-YP through
to (d) HMYO. Meanwhile, p33 and p92-transformed cells saw a rise in peroxisome
number from (e) SD with 1 – 6/cell to (f) SGal with 1 – 11/cell and stagnated in
transitioning from (g) SGd-YP with 1 – 7/cell to (h) HMYO with 1 – 7/cell. Both
transformants showed some degree of peroxisomal aggregation, although the
peroxisomes of (b) through (d) were clearly more clustered than those of the TBSV
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Figure 27. Peroxisomal
distributions
in
S.
cerevisiae BY4742α ino2
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescence and DIC
microscopy of BY4742α
ino2 cells that were tripletransformed with pRS423ADH1 + pRS425-ADH1 +
pRS316 PGK DsRed-AKL
grown in (a) SD, (b) SGdYP, (c) HMYO, and (d)
HMYO-Gal media. Cells
triple-transformed
with
pRS423-ADH1 p33 +
pRS425-ADH1 p92 +
pRS316 PGK DsRed-AKL
were grown in (e) SD, (f)
SGd-YP, (g) HMYO, and
(h) HMYO-Gal media.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a –
h) bar = 2 μm.
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replicase-transformed cells. As with prior observations made for Figure 27, the cells of all
ino2 mutants appear to be elongated, and by comparison with other mutants discussed in
this thesis, very large (Figure 28).
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Figure 28. Peroxisomal
distributions
in
S.
cerevisiae BY4742α ino2
mutant cells transformed
with p33, p92 or empty
vectors under certain
growth conditions.
Epifluorescent and DIC
micrographs of BY4742α
ino2 cells that were tripletransformed with empty
yeast expression vectors:
pRS423-ADH1 + pRS425ADH1 + pRS316 PGK
DsRed-AKL and were
grown in (a) SD, (b) SGal,
(c) SGd-YP, and HMYO
medium. Cells transformed
with p33, p92 and a DsRedAKL were subjected to
similar culturing conditions
and can be seen in (e) SD,
(f) SGal, (g) SGd-YP, and
(h)
HMYO
medium.
Magnified
areas
of
epifluorescent and DIC
images detailing cells of
interest are also shown. (a –
h) bar = 2 μm.
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Table 2. Peroxisome (pex) number and distribution data for selected S. cerevisiae BY4742α mutants
transformed either with empty yeast vectors or p33 and p92 after oleate or galactose culturing.
S. cerevisiae BY4742α
k/o mutant
transformation(s)
vps28 (empty vectors)

Synthetic dextrose
medium

vps28 (p33 + p92)

Synthetic oleate
medium

1-9 pex/cell
No agg
1-2 pex/cell
No agg
1-2 pex/cell
No agg
1-3 pex/cell
No agg
1-5 pex/cell
No agg
1-3 pex/cell
No agg
1-3 pex/cell
No agg
1-6 pex/cell
No agg
1-3 pex/cell
No agg
1-4 pex/cell
Agg
1-6 pex/cell
Min agg, large cells
1-5 pex/cell
No agg, large cells

Synthetic glyceroldextrose + yeast
peptone medium
1-5 pex/cell
Min agg, pex
clusters
1-4 pex/cell
Agg
1-5 pex/cell
Agg
1-4 pex/cell
Min agg
1-5 pex/cell
Min agg
1-6 pex/cell
No agg
1-4 pex/cell
No agg, large pex
1-5 pex/cell
Min agg, large pex
1-4 pex/cell
Min agg, large pex
1-5 pex/cell
Min agg, large pex
1-4 pex/cell
Agg
1-4 pex/cell
Min agg, large cells
1-8 pex/cell
Min agg, large cells

ino2 (p33 + p92)

1-6 pex/cell
Min agg, large cells

1-8 pex/cell
No agg, large cells

1-6 pex/cell
No agg, large cells

S. cerevisiae BY4742α
k/o mutant
transformation(s)
vps28 (empty vectors)

Synthetic dextrose
medium

Synthetic galactose
medium

1-4 pex/cell
No agg
1-9 pex/cell
No agg
1-3 pex/cell
Min agg
1-2 pex/cell
No agg
1-2 pex/cell
No agg, large pex
1-6 pex/cell
No agg
1-3 pex/cell
No agg
1-3 pex/cell
No agg
1-3 pex/cell
No agg, large pex
1-2 pex/cell
Agg, large pex

1-4 pex/cell
No agg
1-3 pex/cell
No agg
1-4 pex/cell
Min agg
1-4 pex/cellq
No agg, large pex
1-3 pex/cell
No agg
1-5 pex/cell
No agg, large pex
1-5 pex/cell
No agg, large cells
1-4 pex/cell
Min agg, large cells
1-4 pex/cell
Min agg, large pex
1-4 pex/cell
Min agg, med pex

Synthetic glyceroldextrose + yeast
peptone medium
1-5 pex/cell
No agg
1-5 pex/cell
Min agg
1-5 pex/cell
Min agg
1-4 pex/cell
Min agg, large pex
1-6 pex/cell
No agg
1-5 pex/cell
No agg, med pex
1-6 pex/cell
Min agg, large pex
1-4 pex/cell
Agg, large pex
1-5 pex/cell
Min agg, large pex
1-6 pex/cell
Min agg, many pex

vps25 (empty vectors)
vps25 (p33 + p92)
vps32 (empty vectors)
vps32 (p33 + p92)
vps4 (empty vectors)
vps4 (p33 + p92)
doa4 (empty vectors)
doa4 (p33 + p92)
erg4 (empty vectors)
erg4 (p33 + p92)
ino2 (empty vectors)

vps28 (p33 + p92)
vps25 (empty vectors)
vps25 (p33 + p92)
vps32 (empty vectors)
vps32 (p33 + p92)
vps4 (empty vectors)
vps4 (p33 + p92)
doa4 (empty vectors)
doa4 (p33 + p92)

1-4 pex/cell
No agg.
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1-6 pex/cell
Min agg, pex
clusters
1-6 pex/cell
Agg
1-6 pex/cell
Agg
1-5 pex/cell
Min agg
1-10 pex/cell
Many pex, min agg
1-5 pex/cell
No agg
1-5 pex/cell
Min agg, large pex
3-11 pex/cell
Min agg, huge cells
1-10 pex/cell
Agg, pex clusters
1-4 pex/cell
Min agg, large pex
1-7 pex/cell
Agg
1-7 pex/cell
Min agg, large pex
1-16+ pex/cell
No agg, large cells

Synthetic oleate
medium + 0.1%
galactose
1-7 pex/cell
Min agg, some pex
clusters
1-6 pex/cell
Agg
1-7 pex/cell
Agg
1-4 pex/cell
Min agg
1-4 pex/cell
No agg
1-3 pex/cell
No agg
1-6 pex/cell
Min agg, large pex
1-5 pex/cell
Agg, med. pex size
1-6 pex/cell
Min agg
1-4 pex/cell
Min agg, large pex
1-10 pex/cell
Agg
1-5 pex/cell
No agg
1-10 pex/cell
Min agg, large cells,
many large pex
1-7 pex/cell
Min agg, large pex,
large cells
Synthetic oleate
medium
1-6 pex/cell
Agg, many pex
1-5 pex/cell
Min agg
1-6 pex/cell
Min agg
1-4 pex/cell
Min agg, large pex
1-7 pex/cell
Min agg, many pex
1-5 pex/cell
No agg, med pex
1-10 pex/cell
Agg, large pex
1-4 pex/cell
Agg
1-5 pex/cell
Min agg
1-7 pex/cell
Agg, large pex

erg4 (empty vectors)
erg4 (p33 + p92)
ino2 (empty vectors)

ino2 (p33 + p92)

1-2 pex/cell
No agg, med pex
1-3 pex/cell
No agg, large pex
1-8 pex/cell
Min agg, large cells,
large pex clusters
1-6 pex/cell
Min agg, large cells,
variable pex sizes

1-6 pex/cell
Min agg, large pex
1-5 pex/cell
Min agg, large pex
1-8 pex/cell
Agg, large cells,
many pex clusters
1-11 pex/cell
Min agg, large cells,
variable pex sizes
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1-5 pex/cell
Min agg, large pex
1-7 pex/cell
Min agg, large pex
1-8 pex/cell
Agg, large cells,
many pex clusters
1-7 pex/cell
Min agg, large cells,
variable pex size

1-6 pex/cell
Min agg, large pex
1-6 pex/cell
Agg, large pex
1-8 pex/cell
Agg, large cells,
many pex clusters
1-7 pex/cell
Min agg, large cells,
some pex clusters

CHAPTER 4: YEAST AND PLANT CELL ULTRASTRUCTURE
4.1 Optimized glutaraldehyde-KMnO4 fixation preserves membrane integrity of S.
cerevisiae for TEM analysis.
The employment of yeast as a model organism presented a number of complications with
respect to the quality of infiltration, preservation, and fixation of membrane structures for
transmission electron microscopy. Due to its small size and thick cell wall, yeast proved to be a
challenging subject, both in the realm of chemical fixation, but also due to limitations in imaging.
Initially, a protocol that had been optimized for plant tissue fixation was applied to yeast
(Appendix I). This protocol failed to provide adequate infiltration of the Spurr‟s resin into the
tissues, resulting in poor quality of images due to the shearing and tearing of yeast cells during
sectioning. It was deduced that the 60 minute Zymolyase treatment rendered the cells most
permeable to osmium tetroxide fixation and epoxy resin embedding, thus providing the clearest
images for this fixation protocol. While the qualitative data gathered using this fixation technique
were generally of high quality, the membrane outlines were often difficult to discern and so, other
fixation methods were sought out to rectify this primary concern (Figure 29).
A seemingly more promising protocol for yeast fixation potentially allowing for the
optimum preservation of all cytosolic, protein, and membrane components while minimizing
fixative-related artifacts was attempted. Using cryo-fixation, the preservation of membranes,
proteins, cytosolic components and ultrastructural integity was superior. The major drawback
with this method, however, resides in the enhanced preservation of ribosomal RNA in the cytosol
that obscured minute membrane details of peroxisomes, mitochondria, endoplasmic reticulum,
and even the nucleus (Figure 30).
The final series of fixation techniques explored for yeast membrane preservation involved
potassium permanganate, a chemical that solely preserves membrane ultrastructure and little else.
Yeast cells fixed only with potassium permanganate possess electron-void „holes‟ where certain
organelles are located (Figure 31 and 32). The latter, two stage fixation technique involving
glutaraldehyde followed by KMnO4 (Figure 33 and 34), was chosen due to excellent preservation
and visualization of membrane structure, reduced incidence of the appearance of „vacant‟
organelles void of content, prime fixative penetration, and minimization of imaging interference
from residual fixation artifacts or cytosolic substrata. The appearance of chatter, tearing, as well
as thinner and thicker regions within the section was unavoidabl due to high cell density of yeast
in comparison to the surrounding epoxy resin.
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Figure 29. S. cerevisiae PJ69-4A ultrastructure and preservation following
glutaraldehyde/acrolein fixation, zymolyase digestion, and osmium tetroxide post fixation.
S. cerevisiae PJ69-4A transformed with pRS424-ADH1 p33 and pRS425-ADH1 p92 grown in
SD media followed by fixation with glutaraldehyde and acrolein. Cell walls were digested for 1
hr with 0.3 g/L 20T Zymolyase and then post-fixed with 1% osmium tetroxide. N, nucleus;
mitochondrion; asterisks indicate pMVB-like structures. (a, b, c) bar = 500 nm.
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Figure 30. High-pressure, freeze-subsitution cryofixation of S. cerevisiae MMY011α.
Untransfomed cells of S. cerevisiae MMY011α were cultured overnight in YPAD media before
undergoing cryo-fixation under high-pressure, low temperature conditions ranging from -90°C to
-60°C with glutaraldehyde solubilized in acetone proceeded by post-fixation with osmium
tetroxide. General ultrastructure: cell membranes, vesicles, nucleus, and other organelles are well
preserved with little chemical artifact. However, the plethora of ribosomes „clouds‟ membrane
bilayers, making organelle identification and differentiation difficult. N, nucleus. Bar = 500 nm.
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Figure 31. Membrane ultrastructure preservation of S. cerevisiae PJ69-4A when KMnO4 is
used as sole fixative.
Untransformed S. cerevisiae PJ69-4A prepared with KMnO4 alone, circumventing need for
zymolyase to penetrate cell wall. N, nucleus; m, mitochondrion; asterisks indicate vacant
organelles often witnessed with this procedure. (a, c) bar = 500 nm; (b) bar = 1 μm.
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Figure 32. Vacant organelles in S. cerevisiae PJ69-4A transformed with p33 and p92 where
KMnO4 is sole fixative.
S. cerevisiae PJ69-4A transformed with pRS424-ADH1 p33 and pRS425-ADH1 p92 prepared
with KMnO4 alone, circumventing need for zymolyase to penetrate cell wall. N, nucleus; m,
mitochondrion; asterisks, vacant organelles often apparent in yeast cells fixed solely with
KMnO4. (a, b, c) bar = 500 nm.
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Figure 33. Glutaraldehyde followed by KMnO4 preservation of S. cerevisiae PJ69-4A cells.
Untransformed S.cerevisiae PJ69-4A prepared with glutaraldehyde followed by KMnO4 fixation.
Preservation of both proteins and nucleic acids by glutaraldehyde proceeded by membrane
fixation with KMnO4 clarifies ultrastructural features while minimizing chemical artifacts. N,
nucleus; M, mitochondrion; P, peroxisome. (a, b, c) bar = 500 nm.
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Figure 34. S. cerevisiae PJ69-4A transformed with p33 and p92 preserved using
glutaraldehyde followed by KMnO4.
S. cerevisiae PJ69-4A transformed with pRS424-ADH1 p33 and pRS425-ADH1 p92 grown in
SD medium and fixed in glutaraldehyde prior to KMnO4. N, nucleus; m, mitochondrion; asterisks
indicate pMVB-like structures. (a, b) bar = 1 μm; (c, e) bar = 200 nm; (d) bar = 100 nm.
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4.2 p92, Rep, alone and p33 together with DI-72 comprise the minimal components
to transmogrify yeast organelles into pMVB-like structures.
The yeast strain S. cerevisiae PJ69-4A was employed in TEM analysis to coincide with
similar screening of TBSV replicase genes by yeast-2-hybrid analysis. Investigations of PJ69-4A
involved transforming the yeast with plasmids encoding TBSV genes: p33, p92, Rep, and DI72/HDVrib expressed separately, or together.
Cells transformed with only empty yeast expression vectors (Figure 35) possess similar
organelle morphology to untransformed PJ69-4A (Figure 33). However, upon transformation
with TBSV p33 (Figure 36), the large organelles, distinct from the nucleus in Figure 35, appear to
develop conspicuous electron translucent regions within the organelles or near the edges (Figure
26). Cells transformed with p92 alone produced doughnut-shaped organelles containing a darkly
amorphous, but electron dense core with an electron translucent membranous ridge circling the
periphery (Figure 37).
Similarly, the spherical, unidentified organelles are also prevalent in yeast cells
transformed with TBSV Rep (Figure 38), p33 with DI-72 (Figure 40), p92 with DI-72 (Figure
41), Rep with DI-72 (Figure 42), p33 with p92 (Figure 34), and p33 with p92 and DI-72 (Figure
43). These organelles are distinct from any appearing in previous micrographs of negative
controls, DI-72 (Figure 39), or p33-trasnformed cells. Interestingly, many of the cells observed
with the donut-shaped, nearly „pMVB-like‟ organelles also have regions of the cell with very
obtuse vesicles.
In yeast transformed with p92 or Rep alone, p33 with DI-72, p33 with p92, p92 and DI72, Rep and DI-72, and p33 with p92 and DI-72, characteristic (MVB-like) are observed that vary
little from transformant to transformant regardless of whether p33, p92, or Rep are involved.
These organelles are structurally distinct from any of those observed in untransformed PJ69-4A,
or in any negative controls: DI-72/HDVrib or empty yeast expression vectors. The MVB-like
organelles do not truly resemble MVBs or pMVBs observed in plant tissue, however, their
presence only in yeast cells transformed with TBSV replicase proteins suggests a correlation.
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Figure 35. S. cerevisiae PJ69-4A triple-transformed with empty yeast expression vectors.
S. cerevisiae PJ69-4A transformed with pRS424-ADH1, pRS425-ADH1, and pYC2/CT
Fp21/Rp22 were grown in synthetic dextrose media prior to glutaraldehyde and KMnO4 fixation.
Ultrastructure was analysed by transmission EM. Cells of panels (a) through (c) show clearly
defined nuclei, mitochondria, and a large, dappled grey organelle appears adjacent to the nucleus
in (a). N, nucleus; m, mitochondrion; asterisk, likely peroxisome. Bar = 1 μm.
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Figure 36. p33 expressed alone in S. cerevisiae PJ69-4A cells.
Cells of S. cerevisiae PJ69-4A transformed with pRS424-ADH1 p33 grown in synthetic dextrose
medium were fixed with glutaraldehyde followed by KMnO4 and prepared for TEM analysis.
Panels (a) and (c) show cells with a central large spherical organelle having circular whitish areas
amidst dark, mottled grey regions nearer to the edges. Panel (b) shows a cell with an organelle
having a grayish mottled matrix permeating throughout whilst minute segments of white areas
impose inwardly on the periphery of the delimiting membrane. N, nucleus; m, mitochondrion;
asterisk, unidentifiable organelle. (a, b, c) bar = 500 nm.
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Figure 37. S. cerevisiae PJ69-4A cells transformed with TBSV p92.
S. cerevisiae PJ69-4A cells were transformed with pRS425-ADH1 p92, grown in synthetic
dextrose and preserved with glutaraldehyde and KMnO4. Spherical and ovular „pMVB-like‟
structures are observed in (a) to (c), with panel (c) showing a magnified region of (a). Vesicles are
clearly seen in the budding cell in panel (a). N, nucleus; m, mitochondrion; v, vesicles; asterisk,
unidentified „pMVB-like‟ organelle. (a) bar = 1 μm; (b, c) = 500 nm.
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Figure 38. Cells of S. cerevisiae PJ69-4A transformed with TBSV Rep alone.
S. cerevisiae PJ69-4A cells were transformed with pRS425-ADH1 Rep and grown in synthetic
dextrose. Cells were preserved with glutaraldhyde and KMnO4 and processed for transmission
EM. Spherical structures possessing thin, white peripheral regions surrounding internal electrondense zones can be observed in panels (a) through (c). All cells identified show apparent regions
of vesiculation in cytosol. M, mitochondrion; v, vesicles; asterisk, unidentified organelle observed
in p92-transformed cells. (a, b, c) = 500 nm.
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Figure 39. DI-72-transformed S. cerevisiae PJ69-4A cells.
S. cerevisiae PJ694-A was transformed with pYC2/CT DI-72/HDVrib and grown in synthetic
dextrose. Cells were fixed in glutaraldehyde followed by KMnO4 and prepared for TEM analysis.
Large organelles with internal mottle grey and white regions are observed adjacent the nucleus in
(a) through (c). N, nucleus. (a) bar = 1 μm; (b, c) = 500 nm.
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Figure 40. S. cerevisiae PJ69-4A cells after co-transformation with TBSV p33 and DI-72.
S. cerevisiae PJ69-4A was co-transformed with pRS424-ADH1 p33 and pYC2/CT DI-72/HDVrib
followed by growth of cells in synthetic dextrose. Yeast cultures were preserved with
glutaraldehyde and KMnO4 and prepared for TEM analysis. The „pMVB-like‟ organelles are seen
in panels (a) to (c). Minute invaginations can be seen in the white, outer region of the lower
pMVB-like structure in (c). N, nucleus; m, mitochondrion; v, vesicles; asterisk, pMVB-like
organelles characteristic of TBSV replicase expression in yeast. (a) bar = 500 nm; (b, c) = 250
nm.
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Figure 41. Cells of S. cerevisiae PJ69-4A after co-transformation with p92 and DI-72.
S. cerevisiae PJ69-4A cells were transformed with both pRS425-ADH1 p92 and pYC2/CT DI72/HDVrib and cultured in synthetic dextrose medium. Cells were fixed in glutaraldehyde and
KMnO4 and processed for transmission EM. The „pMVB-like‟ structures are observed in panels
(a) to (c); (b) is magnified from (a) and shows the typical mottled electron-dense area within the
„pMVB-like‟ structure. Distinct vesicles, characteristic of TBSV replicase expression, are noted
in (c). N, nucleus; m, mitochondrion; v, vesicles; asterisk, organelles characteristic of TBSV Rep
and/or p92 expression in yeast. (a) bar = 500 nm; (b) = 200 nm; (c) = 100 nm.
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Figure 42. Cells of S. cerevisiae PJ69-4A transformed with TBSV Rep and DI-72.
S. cerevisiae PJ69-4A cells transformed with pRS425-ADH1 Rep and pYC2/CT DI-72/HDVrib
were grown in synthetic dextrose prior to glutaraldehyde and KMnO4 fixation and TEM
processing. Panels (a) through (d) show spherical organelles with electron dense central regions
surrounded by ligher peripheral areas. (d) and (e) are magnified regions of panel (c) showing ER
in the vicinity of the spherical, „pMVB-like‟ structures, and vesicles, respectively. ER,
endoplasmic reticulum; n, nucleus; m, mitochondrion; v, vesicles; asterisk, organelles
characteristic of TBSV replicase expression in yeast. (a, c) bar = 500 nm; (b, d) = 250 nm; (e) =
200 nm.
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Figure 43. S. cerevisiae PJ69-4A triple-transformed with p33, p92 and DI-72.
Cells of S. cerevisiae PJ69-4A were triple-transformed with pRS424-ADH1 p33, pRS425-ADH1
p92, and pYC2/CT DI-72/HDVrib and cultured in synthetic dextrose medium. Cells were
preserved with glutaraldehyde and KMnO4 followed by processing for transmission EM. (a) to (c)
show spherical, donut-shaped organelles with a distinct white, electron void region, separate from
mitochondria and the nucleus. Vesicles are apparent in (a) and (b). ER, endoplasmic reticulum; n,
nucleus; m, mitochondrion; v, vesicles; asterisk, MVB-like organelles characteristic of TBSV
replicase expression in yeast. (a, b, c) bar = 500 nm.
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4.3. Infiltration of N. benthamiana leaves with p33, p92, or Rep in concert with DI72 confers varying alterations in peroxisome boundary membranes.
To ascertain the minimal genetic component(s) required of the TBSV genome to
transmogrify leaf peroxisomes into pMVBs, the replicase genes, p33 and o92 were employed
singly or together as Rep, along with a defective interfering RNA (DI-72). McCartney (Ph.D.
Thesis, 2006) showed that TBSV replicase proteins together as Rep, and p33 or p92 expressed
alone in planta were unable to produce pMVBs observed in typical TBSV infections. Inclusion of
DI-72 expressed in concert with TBSV replicase proteins was intended to confer protein
structural changes hypothetically necessary to render peroxisomes into pMVBs.
Normal, spherical or ovoid peroxisomes having a single boundary membrane surrounding
an internal matrix permeated by a crystalline catalase core are shown in tissue transfected with
untransformed A. tumefaciens LBA4404 (Figure 44), the empty pRCS2 binary vector (Figures
45), and DI-72-transformed cells (Figure 46). Cells transformed with TBSV Rep have aggregated
peroxisomes, possessing slightly irregular membrane distortions while the peroxisomes
themselves have a less defined ovoid shape (Figure 47). Irregularly shaped peroxisomes with less
delineated membranes revealing internal dark mottled regions with clearer, electron translucent
areas on the periphery of the peroxisomal matrix are observed in cells with p33 and DI-72 (Figure
48). Figure 49 shows peroxisomes where the delimiting membranes are increasingly erratic in
structure revealing undulating darker and lighter regions within the matrix after transfection with
p92 and DI-72. Catalase crystals appear less frequently in these peroxisomes.
Tobacco cells transfected with TBSV Rep and DI-72 show a greater degree of membrane
deformation by comparison to cells transformed with p33 and DI-72 or p92 with DI-72. The
mottled electron lucent and dense regions of the peroxisomal matrix observed earlier in Figures
48 and 49 are more pronounced in Figure 50 with peroxisomal aggregation and vesiculation
increasingly evident. Figure 50 (e) shows a region of membrane internalization occurring in the
upper right peroxisome with increased vesiculation surrounding aggregated peroxisomes.
Interestingly, a convoluted internal sub-organeller structure with regular perforations appears to
have developed within a separate membrane inside a peroxisome in panel (g) (Figure 50). All
peroxisomes viewed for this transformant are void of catalase crystals (Figure 50).
Based on data presented here, none of the transfected tissues presented any signs of
pMVB biogenesis. Of the peroxisomes found, there are obvious outer membrane
reconfigurations, however none of the ultrastructural changes are nearly as drastic as the
morphological transmogrifications witnessed in typical TBSV RNA rub inoculations. The most
apparent membrane modifications can be observed in p92 with DI-72 and Rep with DI-72.
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Figure 44. Peroxisomes of N. benthamiana leaves infiltrated with A. tumefaciens LBA4404.
Leaves of N. bethamiana were transfected with untransformed A. tumefaciens LBA4404, and
prepared for TEM analysis ten days post infiltration. Association of peroxisomes with
mitochondria and chloroplasts depicted in panels (a) to (d), and (a), (f), respectively. Peroxisomes
located in vicinity of endoplasmic reticulum are shown in (e) and (f). P, peroxisome; Cl,
chloroplast; m, mitochondrion; er, endoplasmic reticulum; asterisks, crystalline catalase. Bar =
500 μm.
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Figure 45. N. benthamiana leaf tissue infiltrated with A. tumefaciens LBA4404 pRCS2.
(a) to (d) show electron micrographs of N. benthamiana leaves ten days post transfection with A.
tumefaciens LBA4404 pRCS2-ocs-nptII, the empty binary vector. Note the large crystalline
catalase core typically located in each peroxisome. The peroxisome on the top left of (a) is seen
magnified in (b). Panel (c) shows a peroxisome surrounded by a single boundary membrane
followed by cytosol and a vacuolar membrane. P, peroxisome; m, mitochondrion; asterisks,
crystalline catalase. Bar in (a) = 1 μm; Bar in (c) and (d) = 500 nm.
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Figure 46. N. benthamiana leaf agro-infiltrated with LBA4404 pRCS2 DI-72/HDVrib.
Leaves of N. benthamiana were transfected with A. tumefaciens LBA4404 DI-72/HPVrib,
incubated for ten days before transmission EM processing. Single boundary membranes and
crystalline catalase core of peroxisomes in panels (a) through (c). P, peroxisome; er, endoplasmic
reticulum; asterisks, crystalline catalase. (a, b, c) bars = 250 nm.
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Figure 47. Transverse sections of N. benthamiana transfected with LBA4404 pRCS2 Rep.
N. benthamiana leaves were rub inoculated with A. tumefaciens LBA4404 pRCS2 Rep, incubated
for ten days on a benchtop and the prepared for transmission EM. Peroxisome proliferation is
evident in (a – d). Enlargements of images (a) and (c) appear as (b) and (d), respectively. P,
peroxisome; e, endosome; asterisks, crystalline catalase. (a, c, e) bars = 1 μm.
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Figure 48. N. benthamiana leaf cells after transfection with LBA4404 pRCS2 p33 + DI-72.
A. tumefeciens LBA4404 pRCS2 p33 + DI-72/HDVrib transfection of N. benthamiana leaves was
followed by ten day incubation. Leaves were processed for transmission EM. Notable is the
reduction in peroxisome membrane clarity. Panels (a) through (d) show individual peroxisomes.
Panel (b) shows an enlarged region of (a). P, peroxisome; n, nucleus; m, mitochondrion; er,
endoplasmic reticulum; asterisks, crystalline catalase. Bar in (a) = 1 μm, and (c, d) = 250 nm.

104

Figure 49. N. benthamiana leaf cells after transfected with LBA4404 pRCS2 p92 + DI-72.
Agro-infiltration of N. benthamiana leaves with A. tumefaciens LBA4404 pRCS2 p92 + DI72/HDVrib followed by a ten day incubation period and transmission EM processing.
Peroxisomal boundary membranes appear more mottled in panels (a, b) and (e) with undulating
electron lucent and dense regions within the matrix (a – e). Aggregated peroxisomes are shown in
(a), (c), and (e). P, peroxisome; Cl, chloroplast; m, mitochondrion; er, endoplasmic reticulum;
asterisks, crystalline catalase. (a) bar = 1 μm, (b – e) bar = 500 nm.
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Figure 50. Tobacco leaf section post transfection with LBA4404 pRCS2 Rep + DI-72.
Leaves of N. benthamiana were transfected with A. tumefaciens LBA4404 pRCS2 Rep + DI72/HDVrib, incubated for ten days on a benchtop before transmission EM processing.
Peroxisomes in panel (a) are enlarged in panel (b). Panel (c) shows a magnification of a
peroxisome in (b). Peroxisomal aggregation is shown in (e), that magnifies a region of (d). A
convoluted internal sub-organeller structure is observed in (f) contained within a separate
membrane shown in subset panel (g). P, peroxisome; Cl, chloroplast; m, mitochondrion; er,
endoplasmic reticulum; at, A. tumefaciens. (a, c, d, f) bars = 500 nm.
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4.4. TEM analysis of N. benthamiana leaves co-infiltrated with TBSV replicase, DI72, and p19 shows no evidence of pMVB biogenesis.
The experiments described above in Chapter 4.3. suggest that expression of DI-72 in
concert with either one of p33, p92, or Rep may not be capable of producing pMVBs as observed
in TBSV RNA rub inoculations of N. benthamiana leaves. To ascertain whether pMVB
biogenesis was dependent upon the inclusion of another TBSV gene, in addition to the replicase
and a functional viral RNA, a construct previously made by McCartney (Ph.D. Thesis, 2006),
pMAT037 p19, possessing the TBSV suppressor of RNA silencing gene, p19 was co-infiltrated
into N. benthamiana leaves along with pRCS2 Rep + DI-72/HDVrib.
Tobacco cells transformed with both the empty binary vector pRCS2, and TBSV p19
have peroxisomes that are characteristic of untransformed leaf cells, observed in Figures 44
through 46. Subset images (b) and (c) show enlarged segments of panel (a) detailing clearly
defined boundary membranes and catalase crystals typically observed in untransformed tissue.
(d), (e), (f), all show peroxisomes from different leaf cells. Peroxisomes in N. benthamiana leaves
co-infiltrated with pRCS2 and pMAT037 p19 possess a more grayish-white, but overall uniform
matrix complete with intact catalase crystals. (Figure 51).
Leaf tissue co-transfected with both TBSV Rep + DI-72 and p19 are shown in Figure 52.
Cells in panels (a) and (c) show peroxisomes with a somewhat well defined limiting membrane.
However, boundary membranes of peroxisomes observed in panels (b), (d), and (e) appear to
dissapparate into the adjacent cytosol. Catalase crystals of (b) and (e) are notably unclear in
distinction from the surrounding matrix (Figure 52). As with previous transfections involving p92
and DI-72/HDVrib (Figure 49), or Rep and DI-72/HDVrib (Figure 50), peroxisomes possess
semi-defined boundary membranes which appear to encompass a less distinct and more blurred
appearance in tissue transfected with pRCS2 Rep + DI-72/HDVrib and pMAT037 p19 (Figure
52). Catalase crystals of these peroxisomes are less distinct from the matrix and almost appear to
„blend‟ into the surrounding matrix. At this stage, no pMVBs were observed, suggesting that
either, TBSV p19 is not being expressed, or that Rep with p19 and DI-72 are not minimally
sufficient to induce pMVB biogenesis from tobacco leaf peroxisomes.
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Figure 51. Tobacco leaves co-infiltrated with pRCS2 (empty vector) and p19.
N. benthamiana leaves were co-infiltrated with A. tumefaciens LBA4404 pRCS2 and LBA4404
pMAT037 p19 and incubated on a benchtop for ten days prior to transmission EM processing. P,
peroxisome; Cl, chloroplast; cw, cell wall; cyt, cytoplasm; asterisk, catalase crystal. (a, b, c, e) bar
= 250 nm; (d) bar = 500 nm; (f) bar = 200 nm.
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Figure 52. N. benthamiana leaf cells post transfection TBSV Rep + DI-72 and p19.
Tobacco leaves were co-infiltrated with A. tumefaciens LBA4404 pRCS2 Rep + DI-72/HDVrib
and LBA4404 pMAT037 p19, incubated on a benchtop for ten days and prepared for transmission
EM analysis. Panels (a) through (e) show peroxisomes with membranes of varying degrees of
clarity, while catalase crystals are similarly, less pronounced albeit present. P, peroxisome; Cl,
chloroplast; m, mitochondrion; e, endosome. (a, b, c, d) bar = 250 nm; (e) bar = 500 nm.

109

4.5. N. benthaniama leaves inoculated with infectious TBSV RNA show spherule-like
structures formed in pMVBs.
Morphological alterations that are most apparent in N. benthamiana leaf tissue
inoculated with TBSV RNA affect peroxisomes. Sub-organellar structural changes in
peroxisome boundary membranes are extensive, and notable for their spherule or
vesicular shape. Previous studies of these peroxisomal MVBs using TEM (McCartney,
Ph.D. Thesis, 2006) failed to discern whether the concave inward projections of pMVB
membranes remained connected to the outer cytosol through miniscule tubules, or
blebbed inward, separating entirely from the peroxisomal membrane and the cytosol.
Figure 53 shows mock RNA rub-inoculated tobacco leaf tissue where typical ovoid or
spherical peroxisomes lie adjacent to chloroplasts (a – d), mitochondria (a, d) and even an
endosome (c). As shown in subsets (c, d, e) Figure 54, there is a distinct region of
membrane-pinching where a fine sphincter-like tube can be observed connecting the
cytosol to the inner vestibule formed from the outer membrane of the pMVB (a, b). The
images presented (c, d, e) show enlarged regions of pMVBs where spherule formation is
identifiable and void of any membranous disconnection from the peroxisomal boundary
membrane and cytosol. The primary limitation in transmission EM is that only a thin
section can be observed and so any three dimensional details of the spherules in question
cannot be seen in the single two-dimensional frame displayed.
The last image presented, Figure 55, is merely anecdotal, and potentially
indicative of a plausible similarity in characteristics resultant from the expression of
TBSV replicase proteins in N. benthamiana and similarly, in S. cerevisiae PJ69-4A
(Section 4.2.).
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Figure 53. Transversely sectioned N. benthamiana leaf ten days post mock rub inoculation.
Leaves of 4-6 week old N. benthamiana plants were gently rubbed with RNA rub inoculation
buffer (Scholthof, 1999) and incubated on a benchtop for ten days prior to transmission EM
processing. Peroxisomes appear ovoid or spherical, and often lie adjacent to chloroplasts,
mitochondria, and occasionally, endosomes. P, peroxisome; cl, chloroplast; m, mitochondrion; e,
endosome. (a, b, c, d) bar = 500 nm.
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Figure 54. Tobacco leaf cells ten days post rub inoculation with infectious TBSV RNA.
N. benthamiana (4-6 weeks old) were inoculated with TBSV RNA rub inoculation buffer
(Scholthof, 1999). Plants were incubated for ten days on a benchtop and then processed for
transmission EM. (a) and (b) show pMVBs characteristic of TBSV infection in leaf tissue.
Enlarged sections of (b) are illustrated in (c), (d), and (e). Note the traboccant spherules indicated
by arrows. pMVB, peroxisomal multivesicular body; arrow, spherule. (a, b) bar = 500 nm.
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Figure 55. pMVBs-associated structures in N. benthamiana leaf post TBSV RNA
inoculation.
Leaves from 4 – 6 weeks old tobacco plants were inoculated with infectious TBSV RNA rub
inoculation buffer (Scholthof, 1999), incubated for ten days on a benchtop and prepared for TEM.
Panels (a) and (b) show unidentifiable organelles illustrated previously in S. cerevisiae PJ69-4A
transformed with TBSV replicase proteins and DI-72 (Figures 37 to 43). Similar organelles are
shown in association with pMVBs in (c) and (d) after TBSV RNA rub inoculation. N, nucleus;
pMVB, peroxisomal multivesicular body; Cl, chloroplast; asterisk, indicate small organelles
located near MVBs homologous to structures witnessed in yeast EM. (a, b, c) bar = 1 μm.
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CHAPTER 5: DISCUSSION AND FUTURE DIRECTIONS
Viral infection of plants involves a tightly regulated series of interactions between both
host components with viral RNA and protein products. Many host proteins interact, either directly
or indirectly, through trafficking, subcompartmentalizing, or translating viral constituents.
Meanwhile, viral components commandeer host constituents, diverting them from their primary
roles in host cellular pathways. During TBSV infection in plant cells, the viral RNA is translated,
sequentially, producing both the viral-encoded p33 auxiliary and p92 RNA-dependent RNApolymerase proteins that, when combined, are capable of targeting, sequestering, binding, and
replicating the viral RNA in peroxisomal MVBs. To ascertain the role of p33 and p92 in pMVB
formation as well as the host components involved, both plant and yeast systems were employed
in studies using both epifluorescence microscopy and transmission electron microscopy.
(Burgyan et al. 1996; Rubino and Russo, 1998; Rubino et al. 2001).

5.1. Yeast cells expressing only the replicase proteins show peroxisomal
aggregation, with the exception being cells co-transformed with p33 and DI-72.
Previous studies by Panavas et al. (2005) show that S. cerevisiae transformed with only
the TBSV replicase proteins, p33 and p92, in the presence of an inducible defective interfering
RNA, DI-72, provided the minimal viral components necessary for RNA replication and
recombination (Serviene et al. 2006). Throughout the yeast culturing transitions from SD medium
to SGd-YP, and finally to HMYO medium, the wild type yeast cells expressing p33, p92, Rep,
p33 and p92, with or without the DI-72 (prior to galactose induction) showed peroxisomal
distributions characteristic of aggregation. The negative controls, either the empty yeast
expression vectors (pRS423-ADH1, pRS425-ADH1, and pYC2/CT Fp21/Rp22) or the DI-72
alone, never elicited clustering of peroxisomes after growth in any of the yeast mediums.
McCartney et al. (2005) showed peroxisomal aggregation in the BY-2 cells transformed
with the cDNA of TBSV and in a separate experiment, in BY-2 cells transformed with p33 alone.
Similarly, transmission electron micrographs showing N. benthamiana leaf peroxisomes in
aggegated clusters containing 3 – 8 (or more) distinct organelles were observed in both tobacco
leaves systemically rub inoculated with full-length TSBV RNA and Agrobacterium infiltrated
tobacco leaf tissue expressing p33-GFP alone (McCartney et al. 2005).
To ensure easier visibility of peroxisomal distribution patterns, yeast cells were cultured
specifically to induce β-oxidation, and therefore, peroxisome biogenesis to increase the number of
these organelles, by transitioning the yeast cultures from sugar-based metabolism into lipid
metabolism via β-oxidation. Cells grown in synthetic dextrose, as a starting point, had fewer
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peroxisomes, averaging 1 – 3 per cell. At this stage, there may have been minor appearances of
aggregation in almost all of the p33, p92, or Rep transformed cells when comparisons were made
with the negative controls: either the empty yeast vectors together or DI-72 transformed alone.
The transition of wildtype yeast cells from synthetic dextrose to synthetic glyceroldextrose, after nutritional enhancement with yeast peptone caused observable increases in
peroxisome number, most notable being cells transformed with p92, and Rep, with or without DI72 (void of galactose induction). Other transformants: empty yeast vectors, DI-72, p33 alone, and
p33 with DI-72 showed little evidence of an increase in peroxisome number, or aggregation. Only
slight aggregation was noted for p92 with DI-72, Rep with DI-72, p33 with p92, and possibly p33
with p92 and DI-72. While the average number of peroxisomes increased from 1 – 4 to 1 – 5 or 1
– 6 in the transition to synthetic oleate medium with the highest levels of peroxisome biogenesis
witnessed for cells transformed with p92 (2 – 6 peroxisomes/cell), and Rep with DI-72 (1 –
7/cell). Both p33 and p92 (with or without DI-72) had an average of 1 – 4 peroxisomes per cell
while the rest of the transformants had 1 – 5. Peroxisomal clusters were seen in p33 with p92, p92
with DI-72, and Rep with DI-72. At this stage, the DI-72 RNA had not been galactose-induced,
thus providing conflicting evidence for the supposition that DI-72 might be a causal agent in the
peroxisomal aggregations witnessed for the HMYO medium.
After galactose induction of wild type yeast cultured in HMYO medium, peroxisome
clustering was notable only for cells transformed with p33, or Rep alone, and p33 with p92. None
of the TBSV replicase proteins expressed in concert with DI-72 showed signs of aggregation.
Similarly, no aggregation was witnessed for the cells containing empty yeast vectors, DI-72
alone, or p92 alone. Overall, the induction of DI-72, after peroxisome proliferation through
conversion of cells into β-oxidation, resulted in a reduction of peroxisomal aggregation.
To compliment the above described transitional stages for yeast growth, transformed cells
were first grown in SD medium followed by synthetic galactose medium to induce DI-72 RNA
production prior to the peroxisome proliferation via culturing of cells in synthetic oleate medium.
The average number of peroxisomes per cell after the galactose transition was 1 – 4, with 1 – 2
for cells transformed with both p33 and p92. As per usual, no peroxisome aggregation was
observed for yeast containing only empty vectors, or DI-72 expressing singly. Similary, there was
no aggregation observed for either p92 or Rep with DI-72 transformed cells. All other
transformants showed signs of, at least, some degree of peroxisomal clustering. After
transitioning the cells from SGal to SGd, supplementing the SGd with YP, and finally terminating
with HMYO medium, clusters of peroxisomes were most apparent in p33, p92, Rep, and p33 with
p92, and to a minor extent in p33 with DI-72. It would appear as though the galactose induction
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of DI-72 at a stage prior to oleate induction of peroxisome proliferation similarly inhibits
peroxisome aggregation, the latter being observed for DI-72 induction after oleate culturing. The
p33 with DI-72 transformants would be anomalous to this trend, suggesting that DI-72 impedes
aggregation for the full-length p92 or Rep. Also in question is the efficacy of S. cerevisiae ability
to transcribe and translate the full-length Rep, to generate both p33 and p92, provided that the p33
amber-stop codon remained intact for that construct.
Immuno-blotting of protein extracts from S. cerevisiae BY4742α transformants (Figure
2A, Appendix IV) shows expression of p33. However, in addition to a 92 kDa protein detected in
the p92-transformed yeast, an ~80 kDa protein is detected in both the p92 and the Rep constructs
as well as in cells expressing only p33. The cells transformed with the p92 construct shows a 92
kDa band whilst the Rep construct shows expression of only p33, a ~50 kDa band, and the same
~80 kDa band that is apparent in all p33 and/or p92-transformants. Whether the ~50 and ~80 kDa
bands observed in the p33 and/or p92-transformed cells represent p33:p33 protein interactions, or
interaction of the replicase proteins with other host-cell components even after disulfide bonds
were reduced by DTT and boiling of the protein fractions prior to SDS-PAGE loading. The issue
of whether non-specific protein binding to yeast protein extract is eliminated by the lack of bands
present in the DI-72-transformed fraction.

5.2. Single gene knock-out mutants show variable capacities for peroxisome
proliferation after transitioning into oleate medium.
To ascertain the peroxisomal capacity for proliferation and the relation to deletion of
genes pertaining to ESCRT vacuolar proteins sorting (Vps) complexes, lipid metabolism, and
peroxisome biogenesis, single gene knockout mutants of S. cerevisiae BY4742α were transitioned
into oleate from dextrose, as described earlier in Chapter 5.1. Both wildtype BY4742α and single
gene knockout mutant cells were transformed with a DsRed targeted by a C-terminal AKL
peptide to the peroxisomal matrix for epifluorescence detection.
Using S. cerevisiae BY4742α wildtype as a reference point for the yeast mutants, most of
the Vps mutants selected (vps23, vps28, vps25, vps36, vps24, vps32, bro1, doa4, and vps4)
showed a distinct increase in peroxisome number during the transition from SD to HMYO
medium. During this transition, however, the wildtype cells remained at a consistent average of 1
– 4 peroxisomes per cell with no aberration from that number until the introduction of galactose
resulted in a drastic increase to 2 – 6 per cell. In contrast, many of the same Vps mutants that
underwent rapid peroxisome proliferation during the SGd-YP to HMYO transition, experienced
drops in peroxisome number after galactose was added. The only cells with observable increases
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in peroxisome number after introducing the galactose were the vps4 and erg4 mutants. Following
in suit with the majority of the vps mutants were ino2 and tdh2, both experiencing a rapid rise in
peroxisome number after HMYO culturing, before dropping to previous peroxisome numbers
after the addition of galactose. Neutral to all culturing mediums was the ESCRT-0 associated
vps27 mutant, which shows signs of neither peroxisome proliferation or modification of
peroxisome number when contrasted with the wildtype up until the HMYO-Gal growth stage. As
expected, the pex3 and pex19 mutants had no peroxisomes, and were included in this culturing
series as a potential prelude to further experimentation employing the pex mutants, transformed
with various TBSV replicase genes, in transmission electron microscopy. However, due to time
constraints, these experiments were not completed.

5.3. Select p33 and p92-transformed single gene knock-out mutants of S. cerevesiae
BY4742α alter peroxisome biogenesis and cellular allocation.
Certain single gene knock-out mutants of S. cerevisiae BY4742α identified in previous
screening studies as having identifiable morphologies that differed from wildtype cells were
chosen for further investigations into peroxisomal distribution patterns resulting from the deleted
gene and TBSV replicase proteins. Four vps mutants: vps28, vps25, vps32, and vps4; as well as
the pex3, doa4, erg4, and ino2 mutants were selected based on the appearance of a range of
differences in peroxisome numbers accumulated after oleate culturing in comparison to wildtype
cells. The mutants chosen were transformed with either empty yeast vectors, as negative controls,
or both TBSV replicase proteins, p33 and p92, and treated with similar oleate and galactose
growth transitions to ascertain differences in peroxisome distribution arising from either p33 and
p92 or the specific mutation in question.
Cells transitioned through the SD  SGd-YP  HMYO  HMYO-Gal series most
notable for peroxisomal aggregation resulting from p33 and p92 include vps28, and to a minor
extent vps4. The TBSV replicase proteins caused a reduction of peroxisomal aggregation for the
mutants of vps25, and erg4. There were no major obtuse differences in the allocation of
peroxisomes noted for the vps32, doa4, pex3, and ino2 mutants attributable to the replicase genes.
Peroxisome biogenesis increased in p33 and p92-transformed vps4 mutants which also developed
larger cells at the HMYO stage. Replicase transformation reduced peroxisome growth in oleate
medium for vps32, doa4, ino2, and to a lesser extent, vps25.
The SD  SGal  SGd-YP  HMYO transition series saw p33 and p92-related
aggregation events for doa4 and, to a lesser extent, erg4 mutant cells. The replicase genes
reduced peroxisome aggregation in mutants of ino2, with minor impacts observed for vps28 and
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Figure 56. Interactions of C-terminal soluble regions of TBSV p33 and Rep with
components of the Arabidopsis ESCRT machinery. (Howard, unpublished, 2008).
Yeast-2-Hybrid screening shows that a late-domain-like motif (-YPDG-), spanning residues 276279 in p33/p92 interacts with several components of Arabidopsis ESCRT. Replacement of the
motif with glycines (Rep∆G 155-818) abolishes the replicase interaction with ESCRT. Bro1,
bypass requirement for protein kinase C homolog (BCK) 1-like resistance to osmotic shock;
Chmp, charged multivesicular body protein; ESCRT, endosomal sorting complex required for
transport; Snf7, sucrose non-fermenting 7; vps, vacuolar sorting protein. (Howard, unpublished,
2008).
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vps32. No drastic differences in peroxisome allocation were noted for the vps25, vps4, or pex3
mutants. Oleate induction was correlated with reduced peroxisomal proliferation events for p33
and p92-transformed vps4 mutants. Major increases in peroxisome number were noted for
replicase-transformed ino2 cells after galactose culturing. Notably, p33 and p92-transformed cells
of vps28 and vps32 grown in SD possessed more peroxisomes per cell than negative controls
suggesting that the TBSV replicase proteins increased peroxisome numbers during sugar
metabolism. Both of these mutants show an incapacity for peroxisome biogenesis during the
transition into β-oxidation.
When compared to wild type cells transformed with p33/p92, some single gene knockout
mutants grown in the SD  SGal  SGd-YP  HMYO showed variable alterations in
peroxisome aggregation after the oleate culturing stages for each transformant was compared. The
vps28 mutants transformed with p33/p92 showed a slight increase in peroxisomal aggregation.
Similarly, minor changes in peroxisome allocation for the p33/p92-transformed mutant vps25
resulting in a reduction in peroxisomal aggregation was noted in contrast to similarly transformed
wild type cells. Meanwhile, p33/p92-transformed vps4 cells experienced an increase in
peroxisomal aggregation over wild type cells. When contrasted with wild type cells transformed
with either empty yeast expression vectors or p33/p92, vps32 (Vps32 is also known as Snf7)
mutant cells transformed with p33/p92 showed a marked decrease in peroxisomal aggregation.
The results for vps32 can also be considered in light of the fact that vps32 cells transformed with
only empty vectors showed a more drastic increase in peroxisome proliferation in comparison to
similarly transformed wildtype cells, suggesting that the reduction of peroxisomal aggregation in
the p33/p92-transformed vps32 cells could be accounted for, at least partly, by the increase in
peroxisome number after the transition into oleate medium.
One rational to account for the lack of major appearance of peroxisome re-allocation for
the vps28 and vps25 in comparison to vps4 mutants is provided by the Arabidopsis-TBSV
interactome outlined in Figure 56. Yeast-2-hybrid data describing interaction between the TBSV
replicase (Rep) and various components of the Arabidopsis ESCRT machinery suggests that more
than one protein subunit of ESCRT-I and ESCRT-II are able to interact with the replicase
(Howard, unpublished, 2006). Specifically, both Vps23 and Vps28 of ESCRT-I as well as Vps36
and Vps25 of ESCRT-II complexes interact with the late-domain-like motif (-YPDG-) within the
cytosolic portion of the TBSV replicase (Howard, unpublished, 2008; McCartney et al. 2006).
Perhaps, deleting only one of the protein components of ESCRT-I, as is the case for the vps28
mutant, will result in compensation of the Vps28 function by the actions of Vps23. Similarly,
Vps36 of the ESCRT-II complex may compensate for the loss of Vps25 in the vps25 mutant cells.
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Unlike the ESCRT-I and –II complexes, the AAA-ATPase, Vps4 has no functional substitute
which would account for the more substantial phenotype observed when vps4 cells were cotransformed with p33 and p92.
Further experimentation with the vps28, vps25, vps32, vps4, pex3, doa4, erg4, and ino2
mutants should involve application of electron tomography, to elucidate the 3-dimensional
allocation of peroxisomes, along with immuno-histology, in relation to endosomes, ER, and other
notable organelles after transformation with the TBSV replicase proteins. To render the galactose
induction stage relevant, it would be prudent to perform the tests described above with cells
transformed with both replicase genes in concert with the DI-72 to ascertain the extent of
involvement the defective interfering RNA might have on mutant cells under these culturing
conditions prior to advancing to electron tomography.

5.4. TBSV replicase proteins, p33 with DI-72, p33 with p92, and p92 or Rep alone,
are minimally required to alter peroxisome morphology in S. cerevisiae PJ69-4A.
The exact nature of the organellar reconfigurations observed in yeast cells transformed
with p33, p92, Rep, and DI-72 cannot be revealed until further investigations using EM
tomography are applied. To this end, it will suffice to say that certain, as of yet, unidentified yeast
organelles, presumably peroxisomes, undergo a transformation from vaguely spherical or ovoid
structures into smaller (~200 nm) roughly spherical structures possessing an electron-dense, dark
central region and a white electron-translucent outer periphery enclosed by a single bilayer. The
intermediate steps preceding this transformation are presently uncharacterized. The evidence of
one intermediate stage, as seen in cells transformed with p33 alone, depicts larger ovoid
organelles with some electron-translucent (white) regions on the periphery shown as
invaginations of membrane, or in the central regions of the peroxisomal matrix, suggesting that
membrane inclusion is occuring. Presently, this is the only suggestion of a transition stage from
organelles observed in „normal‟ untransformed yeast and those viewed in transformants
encompassing p33 and DI-72, p92, Rep, p33 and p92, p92 with DI-72, Rep with DI-72, and p33
and p92 with DI-72. Whether there exists a definitive „transition‟ phase is difficult to discern,
especially due to the constitutive expression of p33, p92, and Rep; the quantities of protein
detected and subsequently, protein quantities necessary as causal agents in organelle
transfiguration; and the efficacy of ultrastructural detection by TEM analysis.
Another notable feature of cells possessing these vaguely „pMVB-like‟ organelles is the
similar appearance of traboccant, minute vesicles observed in the cytosol of the transformed cells
expressing TBSV replicase proteins, suggesting a plausible correlation with p33, p92, and/or Rep
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expression and increased vesiculation. The vesicles are especially apparent in some nascent
budding yeast cells, as well as in older cells, even prior to observation of the obtuse presence of
the „pMVB-like‟ cell structures.
In lieu of these results, it would a propo to suggest further experimentation involving
electron tomography, to gauge the extent of a 3-dimensional relationship between the “pMVBlike” structures, vesicles, and other cell components. Immuno-histology should be employed to
detect catalase, as well as the TBSV replicase proteins to establish the precise location of
peroxisomes in transformed yeast. Furthermore, to coincide with epifluorescence experiments
described for Chapter 3, the TBSV replicase proteins, along with the DI-72, should be
transformed into S. cerevisiae BY4742α wildtype and mutant cells to ascertain the degree of
peroxisome, endosomal, and other aberrations that may be incurred as a result of these mutations
in the presence of p33 and p92.

5.5. p33, p92 or Rep expressed in conjunction with DI-72 were sufficient to alter
peroxisome ultrastructure, yet incapable of generating pMVBs in tobacco.
Previous studies involving TBSV p33 (McCartney et al. 2005), p92, and Rep showed that
these replicase proteins expressed separately, alone, or together in tobacco, are incapable of
transmogrifying pMVBs into peroxisomes (McCartney, PhD. Thesis, 2005). Further
experimentation to determine the nominal viral causal agents necessary for pMVB biogenesis
utilized the defective interfering RNA, DI-72 under the pretense that p33 and p92 required
association with a viral RNA to undergo proper conformational changes, in addition to
peroxisomal binding, that would promote pMVB generation. To this end, N. benthamiana plants
were transfected with A. tumefaciens LBA4404 transformed with p33, p92, or Rep in concert with
the DI-72. While none of the transfections in this study elicited pMVBs, peroxisomal morphology
was indeed altered in many of the cells observed.
Normal peroxisomes, spherical or ovoid in shape, having a clearly delineated single
membrane encircling a grayish coloured matrix containing a central rhomboid or diamond-shaped
catalase crystal, were easily viewed in N. benthamiana transfected with untransformed A.
tumefaciens LBA4404; transformed with the empty binary vector, pRCS2; and with pRCS2 DI72/HDVrib, as negative controls. Signs of peroxisome proliferation and aggregation were
apparent in leaves transfected with the pRCS2 Rep construct, complete with intact catalase
crystals.
Major peroxisomal modifications were more noticeable in leaves transfected with the
replicase proteins, p33 with DI-72, p92 with DI-72, and Rep with DI-72. In leaves infiltrated with
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LBA4404 pRCS2 p33 + DI-72, the peroxisomal boundary membranes were delineated less
clearly. Mottled white regions located near the edges of the peroxisomal matrix were distinct
from darker, more electron dense central regions. Catalase crystals remained unaltered.
Peroxisomal aggregation was notable in leaf tissue infiltrated with LBA4404 pRCS2 p92
+ DI-72. Fewer catalase crystals were apparent whilst the dark and light regions abutting the edge
of the matrix appeared more mottled than in leaves transfected with p33 and DI-72. Cells
transfected with LBA4404 pRCS2 Rep + DI-72 presented similar characteristics to p92 + DI-72,
however, peroxisomal aggregation has drastically increased as evidenced by the density of
peroxisomes, void of catalase crystals, compressed against one another in Figure 50 (d, e).
The inability of the Rep + DI-72 to generate pMVBs initiated further consideration into
the involvement of the other TBSV genes, p41, p19, and p22, in remodeling peroxisomal
boundary membranes. A plausible candidate, the suppressor of RNA silencing protein, p19, was
simultaneously co-infiltrated as A. tumaciens LBA4404 pMAT037 p19 with LBA4404 pRCS2
Rep + DI-72 into N. benthamiana leaves with similar results to Rep + DI-72 alone. One reason
for this might be our inability to detect p19 via Western blotting, suggesting that the protein may
not have been expressed. For the pRCS2 constructs involving the replicase proteins, only the p33
from the pRCS2 p33 + DI-72 construct showed signs of expression (Figure 2B, Appendix IV)
with the appearance of a band at ~33 kDa and a second band at ~ 80 kDa that is also apparent in
the p33-transformed yeast constructs after Western blotting. The level of protein loaded per well
for SDS-PAGE was low due to possible degradation of the protein in leaf tissue that had been
stored for upwards of six months at -80ºC. Repeating the Agro-infiltration experiment to provide
more tissue for protein extraction may provide higher levels of protein for the p92 and Rep
constructs. The structural alterations observed in micrographs of p92 with DI-72 or Rep with DI72 leaf tissue suggest that these replicase proteins are being expressed.
Provided that the minimal viral component necessary for pMVB biogenesis remains
elusive, continued experimentation using TBSV Rep + DI-72 and the other viral genes, p19 (with
verified expression), p22, and p41 would be appropriate. Another probability to be considered is
that, perhaps, there may additional RNA sequences encoded in the full-length TBSV RNA that
are required in transmogrification of peroxisomes into pMVBs. Regions II and and IV encoded
within the DI-72 RNA are the most nominal components needed for replicase assembly
(Panaviene et al. 2004; Wu et al. 2009), but replicase assembly itself may not directly preclude
the formation of pMVBs in plant cells. With this in mind, regions I – IV encoded within the DI72 RNA may not be sufficient to elicit pMVB generation.
Another possible point of contention with regards to the binary expression system is that,
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in spite of the strong constitutive CaMV 35 S promoter, the TBSV Rep may not be expressed in
as high quantities from the pRCS2 T-DNA than would normally occur in wild type TBSV
infections. Leaf cells infected with TBSV RNA would allow, not only for the expression of the
the viral replicase from the genomic mRNA, but also the amplification of that RNA by the
replicase, thus producing a higher number of (+) sense RNA transcripts but also the subsequent
translation of more replicase proteins from newly synthesized transcripts. Perhaps, the quantities
of replicase proteins (p33 and /or p92) generated from the pRCS2 binary expression vector are
not sufficient to result in pMVB morphogenesis. In lieu of this, the Agro-transfected leaf tissues
were prepared for electron microscopy after a ten day bench-top incubation period. It would be
advisable to perform a time course experiment whereby Agro-infiltrated leaf tissue could be
prepared for TEM at 4-, 8-, 10-, 14-, 16-, and 20-day stages post infiltration to observe overall
peroxisome morphology throughout a longer time period to determine a) whether transcript and
therefore replicase expression levels increase over time and b) if these increases in protein
expression are correlated with more drastic alterations in peroxisome morphology and/or pMVB
biogenesis.
Other future experiments to resolve the issue of low replicase expression levels and also
resolve the RNA:RNA binding interactions which may occur within the full length genomic RNA
could apply site-directed mutagenesis of the TBSV cDNA within pHST20 to eliminate expression
(without damaging cis-RNA:RNA interaction regions within the sequence) of the p41, p19, and
p22 proteins. Positive-sense stranded genomic TBSV RNA could be produced using a T7 or SP6
in vitro transcription kit followed by rub inoculation of N. benthamiana leaves. Peroxisome
and/or pMVB morphology would be ascertained using transmission electron microscopy or
electron tomography.
At present, Northern blots have yet to be performed to verify DI-72 expression in
Agrobacterium-transfected N. benthamiana leaves. Upon verification of DI-72 expression, future
experiments encorporating long-distance RNA-RNA interactions, encoded within 3‟ and 5‟
UTRs, the p92 ORF, and non-coding segments interspersed between p92, p41, and p19/22 ORFs
of the full-length TBSV RNA (Wu et al. 2009), may be tested using full-length TBSV RNA,
where p41, p19 and p22 translation have been nullified, to determine whether distal RNA-RNAprotein interactions occur that are intrinsically necessary to allow pMVB biogenesis.

5.6. pMVB ultrastructure shows evidence of spherule formation in N. benthamiana
leaves rub inoculated with full length TBSV RNA.
Examining electron micrographs of pMVBs in N. benthamiana leaves inoculated with
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TBSV RNA, inward invaginations of the outer membrane show clearly-defined spherules
protruding into the membrane lumen whilst remaining attached to the outer cytosolic region
surrounding the pMVB. Spherules identified here appear to resemble those discussed by Swartz
et al. (2002, 2004). The spherules identified in Figure 54 (c, d, e), vary in size without suggesting
that their appearance in the electron micrographs could be an artifact of the segment of tissue
sectioned under scrutiny. The appearance of vesicles, described as spherical invaginations that
appear detached from the outer cytosol and disconnected from the outer pMVB membrane, may
be composed of spherular segments expanding into a plane on the z-axis that would possess a
clearly defined connecting „neck‟ between the vesicle and outer cytosol had the section included
that region of the spherule. Such vesicles can be observed in panel 5 and 6 of Figure 1 (Appendix
IV) during the transmogrification of a peroxisome into a pMVB as observed during CyRSV
infections.
The appearance of „vesicles‟, interspersed with the expansive presence of spherules, may
be an artifact of the two-dimensional sectioning process precluding analysis by transmission EM.
Absolute determination of spherule identity is for not without further investigations of the minute
details of pMVB ultrastructure via imaging of details of the z-axis using either serial sectioning
for transmission EM or electron tomography. Whether pMVBs are composed of either spherules
or vesicles, or both simultaneously is another possibility to explore using electron tomography. If
both sub-organellar structures were present, or if a noticeable alterations in the ratio of
spherules:vesicles was apparent when different stages of TBSV infection were observed, one
could then speculate as to the function of spherules and vesicles at each successive stage of
infection.
To further investigate the ultrastructural morphology of pMVBs and to discern whether
they are truly vesicular or spherical in nature, we propose using transmission electron tomography
(TET). Application of TET has allowed for the resolution of minute details of structures in a three
dimensional context compiled in silico from multiple two dimensional micrographs (McIntosh et
al. 2005). Early transmission electron micrographs of ER (Donohoe et al. 2006), chloroplastic
plastoglobules (Austin II et al. 2006), Golgi bodies (Segui-Simarro and Staehelin 2006),
endosomal multivesicular bodies (Otegui et al. 2006; Segui-Simarro and Staehelin 2006),
multilaminar lysosomes (Murk et al. 2004), and microtubules (Hoog et al. 2007) with intricate
membrane or structural details were difficult to resolve until the advent of TET.
Tomography techniques rely on a modification of methodologies previously applied to
standard TEM. Tissue preparation resembles that of TEM utilizing similar tissue fixation,
dehydration, and plastic embedding techniques. However, where TEM tissue preparation would
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normally occur at ambient room temperatures or 4˚C, samples prepared for tomography are cryofixed at high pressure to better preserve tissues at the physicochemical level (McIntosh et al.
2005). High-pressure rapid cryo-fixation prevents ice crystal formation associated with slow
freezing. Alterations in cell and organeller structures are also mostly avoided as the high pressure
just prior to freezing prevents the ice from expanding and distorting cell and organelle
configuration. Tomography also employs freeze-substitution-fixation methods whereby solvents
such as acetone carrying typical TEM fixatives such as glutaraldehyde, acrolein, and osmium
tetroxide that have been supercooled to -90˚C can infiltrate into tissues, albeit at slower rates
(McIntosh et al. 2005). Tissue samples can also be stained with uranyl acetate at this stage. TEM
staining would normally take place post fixation and sectioning of material. After fixation, the
plastic resin is solubilized in acetone as a carrier that will co-infiltrate into the fixed tissues
(McIntosh et al. 2005). Increasing concentrations of the resin applied to the tissues would replace
all traces of solvent thus forming an intra-, inter- and extracellular matrix surrounding the tissues.
The plastic resin can then be polymerized under ultraviolet light until fully solidified. Tissue
sectioning could be performed at room temperature using a microtome to ensure a thickness of 20
to 500 nm per section (McIntosh et al. 2005). Samples viewing would emply the FEI Tecnai G2
20 TE Tomography microscope carrying a 200 kV field emission gun (FEG) located at Electron
Microscope Unit, a division of the Advanced Analysis Centre (University of Guelph, Guelph,
ON).

5.7. pMVB-associated organelles in TBSV rub inoculated tobacco leaves resemble
pMVB-like structures identified in TBSV replicase-transformed S. cerevisiae PJ694A cells.
Transmission EM performed on S. cerevisiae PJ69-4A transformed with one or more of
the TBSV replicase proteins, along with the DI-72 produced numerous spherical or ovoid
organelles, presently unidentified, with white-ish outer regions and a dark, electron dense central
core region. These pMVB-like organelles resemble structures found in the N. benthamiana cells
rub inoculated with TBSV RNA and are located in the vicinity of pMVBs. A literature review of
articles discussing TBSV infection in a range of plant species (Martelli and Russo 1981a; Martelli
and Russo 1981b; Martelli et al. 1981; Di Franco et al. 1984; Appiano et al. 1986; Bassi et al.
1986; Lupo et al. 1994; Burgyan et al. 1996; Bleve-Zacheo et al. 1997; McCartney et al. 2005)
failed to resolve the question of whether these same organelles were detectable in other
ultrastructual studies on organelle morphology during TBSV infection. Whether these pMVBassociated organelles in N. benthamiana represent another transmogrified form of peroxisome or

125

an entirely different organelle has yet to be determined. Similarly, whether there exists a parallel
between the identity of the pMVB-like organelles in yeast and these pMVB-associated structures
is entirely speculative. The inclusion of said data is, at present, purely for the purpose of
documentation and posterity.
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APPENDIX I
All media and reagents outlined in Chapter 2: Methods are described below. Unless
stated otherwise, all reagents were purchased from Sigma-Aldrich Chemical Corporation (St.
Louis, MO, USA). All solutions were prepared using double-deionised water (ddH2O) derived
from either a Barnstead E-pure System Model D4641 (Barnstead International, Dubuque, IA,
USA). Sterilization of various media employed either a twenty to thirty minute autoclave cycle at
121°C or passage through 0.22 M sterile filters (Fisher Scientific, Nepean, ON, Canada).

Media and Solutions
Luria-Bertani (LB) Medium
25 g LB Medium (Difco, Becton-Dickenson & Company, Sparks, MD, USA)
800 mL ddH2O
Stir until homogenous. QS to 1 L and autoclave for 30 min.
Allow media to reach 50˚C before adding antibiotic stock solution.
Store at 4˚C.
LB Plates
Prepare LB medium as stated above.
Add 15 g/L of Bacto-Agar prior to autoclaving.
Stir gently and cool to 50˚C before adding antibiotic stock solution.
Pour 30 mL per 100 x 15 mm Petri plate and allow to solidify at room temperature.
Invert and store airtight at 4˚C.
RF1
100 mM RbCl
50 mM MnCl2·2H2O
30 mM KOAc
10 mM CaCl2·2H2O
15% Glycerol
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Adjust pH to 5.8 with glacial acetic acid. Filter sterilize. Store at 4°C.
RF2
10 mM MOPS (ICN Biomedicals Inc., Aurora, Ohio, USA)
10 mM RbCl
75 mM CaCl2·2H2O
15% Glycerol
Adjust pH to 6.8 with 1N NaOH. Filter sterilize. Store at 4°C.
Ampicillin Stock Solution (100 mg/mL)
Measure 1 g Ampicillin sodium salt (Sigma-Aldrich) in 8 mL ddH2O. Q.S. to 10 mL ddH2O.
Vortex to dissolve and sterilize using a 0.20 μm filter (Fisher Scientific).
Prepare 1 mL aliquots and store at -20°C.
Geneticin (G418) (50 mg/mL)
Measure 1 g Geneticin disulfate salt (Bioshop Canada, Inc., Burlington, Ontario, Canada) in 8 mL
ddH2O.
Q.S. to 10 mL ddH2O.
Vortex to dissolve and sterilize using a 0.20 μm filter (Fisher Scientific).
Prepare 1 mL aliquots and store at -20°C.
Kanamycin Stock Solution (50 mg/mL)
Measure 0.5 g of Kanamycin sulfate (Sigma-Aldrich) salt in 8 mL ddH2O. Q.S. to 10 mL ddH2O.
Vortex to dissolve and sterilize using a 0.20 μm filter (Fisher Scientific).
Prepare 1 mL aliquots and store at -20°C.
Streptomycin Stock Solution (100 mg/mL)
Measure 1 g of Streptomycin sulfate (Sigma-Aldrich) salt in 8 mL ddH2O. Q.S. to 10 mL ddH2O.
Vortex to dissolve and sterilize using a 0.20 μm filter (Fisher Scientific).
Prepare 1 mL aliquots and store at -20°C.
Spectinomycin Stock Solution (100 mg/mL)
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Measure 1 g of Spectinomycin dihydrochloride (Sigma- Aldrich) salt in 8 mL ddH2O. Q.S. to 10
mL ddH2O.
Vortex to dissolve and sterilize using a 0.20 μm filter (Fisher Scientific).
Prepare 1 mL aliquots and store at -20°C.
SOC Medium
20 g bacto-tryptone
5 g bacto-yeast extract (Difco)
0.5 g NaCl
10 mL 250 mM KCl
975 mL ddH2O
Adjust pH to 7.0 using 5 N NaOH, autoclave.
Add 5 mL of 2 M MgCl2 filter sterilized using membrane and 20 mL of sterile 1 M glucose. Store
at 4°C in 100 mL aliquots.
TE Buffer
10 mM Trisma hydrochloride (Tris-HCl) (pH 7.6)
1 mM ethylenediamine tetraacetic acid (EDTA) (pH 8.0)
Autoclave. Store at 4°C.
TAE Buffer (50x Stock Solution)
To 800 mL of ddH2O, add the following:
242 g Trizma base
57.1 mL Glacial acetic acid
100 mL 0.5 M EDTA (pH 8.0)
Q.S to 1 L and store at 4°C.
0.5 M EDTA
186.1 g disodium EDTA•2 H2O
In 800 mL ddH2O. pH to 8.0 with NaOH.
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5 x Cohesive Buffer
250 mM Tris-HCl pH 7.5
50 mM MgCl2
5 mM adenine triphosphate (ATP)
5 mM dithiothreitol (DTT)
25% (w/v) polyethylene glycol molecular weight 8000 (PEG8000)
Vortex to mix, heat to dissolve PEG8000 before adding ATP and DTT.
Adjust volume to 1 mL with ddH2O and store in 100 mL aliquots at -20°C.
10 x Annealing Buffer
250 mM Triz-HCl (pH 7.6)
35 mM MgCl2
500 mM NaCl
Mix thoroughly.
Q.S. to 1 mL with ddH2O.
Prepare 100 μL aliquots and store at -20°C.
X-Gal Stock Solution (40 mg/mL)
400 mg 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) (Boehringer Mannheim,
Mannheim, Germany)
10 mL dimethylformide
Dissolve X-Gal into dimethylformide.
Make 1 mL aliquots in dark at -20°C. Apply 40 μL of the X-Gal stock solution to the surface of
each plate before use. Permit absorption of X-Gal into agar.
IPTG Stock Solution (100 mM)
230 mg C9H18O5S (IPTG) (American Biorganics Inc., Niagara Falls, NY, USA)
10 mL ddH2O
Dissolve IPTG in ddH2O and sterilize via filtration.
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Store in 1 mL aliquots at -20°C.
Apply 40 μL of IPTG stock solution to the surface of each plate before use. Permit absorption of
IPTG into agar.
Yeast Transformation Solutions
1 M Lithium acetate
To 80 mL ddH2O, add:
10.2 g LiAc
Stir to dissolve and adimpleate to 100 mL. Autoclave for 20 minutes and store at room
temperature.
100 mM Lithium acetate
In 80 mL of ddH2O, add:
1.02 g LiAc
Stir to dissolve and adimpleate to 100 mL. Autoclave for 20 minutes and store at room
temperature.
50 % (w/v) Polyethylene glycol 3550
In 50 mL ddH2O, add:
50 g PEG 3550
Stir to dissolve and adimpleate to 100 mL. Autoclave for 20 minutes and store at room
temperature.
Synthetic Dextrose Medium (SD)
700 mL of ddH2O
20 g Dextrose (Difco, Beckton-Dickinson & Company, Sparks, MD, USA).
6.7 g Yeast nitrogen base w/o amino acids (Difco).
Adimpleate to 900 mL. Autoclave for 30 min. Store at 4°C or in dark.
SD Plates
12 g Dextrose (Difco).
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4.02 g yeast nitrogen base w/o amino acids (Difco).
Adjust volume to 540 mL. Add to 1 L flask.
Add 12 g bacto-agar. Autoclave.
Cool to 50°C while stirring prior to adding 60 mL of 10 x amino acid stock solution. Pour 30 mL
per 100 x 15 mm Petri plate. Cool at room temperature to harden. Store inverted at 4°C.
YPAD Media
800 mL of ddH2O
20 g Peptone (Difco).
10 g Yeast Extract
20 g Dextrose (Difco).
40 mg Adenine hemisulfate
Stir and adimpleate to 1000 mL. Autoclave for 30 min. Store at 4°C.
YPAD Plates
800 mL of ddH2O
20 g Peptone (Difco)
10 g Yeast Extract
20g Dextrose (Difco)
40 mg Adenine hemisulfate
Add to 1 L bottle with stirring. Add 12 g bacto-agar. Adimpleate to 1.0 L. Autoclave. Cool to
50°C with stirring. Pour 30 mL per 100 x 15 mm Petri plate. Cool at room temperature to harden.
Store inverted at 4°C.
10x Amino acid supplements
Mix 5 g of 10 x amino acid dropout media (Bufferad, Lake Bluff, IL) into 200 mL of ddH2O.
Stir overnight. Adimpleate to 250 mL in ddH2O prior to filter sterilization. Store at 4°C in the
dark.
Synthetic Dextrose (SD) Media
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20 g Synthetic dextrose (Difco).
6.7 g Yeast nitrogen base w/o amino acids (Difco).
Adimpleate to 1800 mL and divide the solution between two bottles. Stir and autoclave for 30
minutes.
Synthetic Galactose (SGal) Media
20 g D-galactose (Difco).
6.7 g Yeast nitrogen base w/o amino acids (Difco).
Adimpleate to 1800 mL and divide the solution between two bottles. Stir and autoclave for 30
minutes.
Synthetic Glycerol Dextrose Medium (SGd)
6.7 g Yeast nitrogen base w/o amino acids (Difco).
30 mL glycerol
1 g dextrose (Gibco).
Stir components into 700 mL ddH2O and adimpleate to 900 mL. Separate into 450 mL and
autoclave. Store in the dark at room temperature.
Semi-synthetic oleate medium (HMYO)
2.5 g (NH4)2SO4
0.2 g MgSO4 • 7H2O
3.0 g NaH2PO4 • H2O
0.7 g K2HPO4
Adjust pH to 6.0 using 0.5 N NaOH
Add 10 mL of 100X trace minerals.
0.5 g bacto-yeast extract
Q.S. to 900 mL and divide between 450 mL aliquots. Autoclave and store at room temperature in
the dark. When culturing yeast in 25 mL HMYO medium, add appropriate 0.1% amino acid
dropouts and synthetic oleic acid to a final concentration of 1 μL/mL.
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100 x Trace Minerals
50 mg H3BO3
4 mg CuSO4
10 mg KI
20 mg FeCl3•6H2O
40 mg ZnSO4
20 mg (NH4)6Mo7O24•4H2O
Q.S. solution to 1 L and divide into 250 mL aliquots. Autoclave and store at 4°C. Ensure any
precipitated minerals are fully dissolved prior to use.
10 x Yeast Peptone Medium (YP)
50 g bacto-yeast extract (Difco)
100 g bacto-peptone (Difco)
350 mL ddH2O
Dissolve yeast extract at low heat setting prior to adding bacto-peptone. Q.S. to 500 mL and
divide into 100 mL aliquots. Autoclave and store at 4°C. Warm to room temperature before use.
Yeast and Plant Protein Extraction
1.5 % Dithiothreitol (DTT)
1.5 g dithiothreitol was dissolved in 10 mL of ddH2O
1 mL aliquots were made and stored at -20ºC.
Modified Sample Buffer (MBS)
2.4 mL 1 M Tris pH 6.8
0.8 g SDS
4 mL glycerol
0.01% Bromophenol Blue
Add ddH2O to a final volume of 10 mL and aliquot into 1 mL volumes. Store at -20ºC.
Modified Sample Buffer (MBS) with DTT
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Prepare MSB-DTT soluteion by thawing a 1 mL aliquot of 1.5 % DTT and a pre-made 1 mL
aliquot of MSB solution at 37°C and mixing 900 μL of MSB with 50 μL of 1.0 M DTT. The
MSB-DTT solution was stored on ice until use.
Fixation and Immunofluorescence Microscopy
8% (w/v) Formaldehyde Stock Solution
To 800 mL ddH2O add:
80 g paraformaldehyde (Ted Pella Inc., Redding, CA, USA)
In a fume hood, heat to 60oC with continuous stirring and maintain at 60oC for at least 30 min.
Add 1 or 2 drops of 10 N NaOH to render the solution nearly transparent. Filter through 1 mm
Whatman No. 4 paper (Fisher Scientific).
Adjust volume to 1 L and store as 50 mL aliquots at –20oC.
Fixation Buffer
1:1 (v/v) of 4% (w/v) formaldehyde and specific yeast growth medium which includes one of the
following: SD, SGal, SGd, HMYO, or HMYO-Gal.
1 x Phosphate-Buffered Saline (PBS)
To 700 mL ddH2O add the following ingredients one at a time, allowing each to dissolve
completely before adding the next:
4.3 mM Na2HPO4
1.4 mM KH2PO4
2.7 mM KCl
137 mM NaCl
Adjust pH to 7.4 with 10 N HCl.
Adjust volume to 1 L with ddH2O, autoclave and store at room temperature.
Plant Transfection and Rub Inoculation Reagents
YEB Media
13.3 g Nutrient broth (Difco).
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1 g Yeast extract (Difco).
240 mg MgSO4·7H2O
0.2 mL 2 N NaOH
5 g sucrose
QS to 1 L ddH2O. For plates add 15 g Bacto-Agar (Difco). Stir and autoclave for 30 min. Store at
4°C.
10 mM MES Solution
1.952 g 2-(N-morpholino)ethanesulfonic acid (MES)
4 mL ddH2O
QS to 10 mL and shake vigorously to mix. Store at room temp.
RNA Rub Inoculation Buffer (Scholthof, 1999)
Autoclave a clean 100 mL glass bottle and metal spatulas prior to making up solution to prevent
degradation of viral RNA by RNAases during inoculation.
Measure 48.5 mL of ddH20, and add:
0.19 g Glycine
0.5 g Bentonite
0.5 g Celite
1.5 mL 1.0 M K2HPO4, (pH 9.2)
Stir, autoclave and store at 4°C. Handle using RNAse free gloves and pipette tips.
Transmission Electron Microscopy Reagents
4% (v/v) Glutaraldehyde Solution (Plant Tissue)
2.4 mL 50% Glutaraldehyde
0.3 mL 99% Acrolein (Sigma-Aldrich).
1.5 mL 0.5 M NaPO4 · NaN3 (pH7.2)
QS to 30 mL with ddH2O. Add all ingredients into a 50 mL falcon tube in fumehood. Store at 4°C
for up to one week.
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3% (v/v) Glutaraldehyde Solution (Yeast)
600 µL 50% glutaraldehyde (Fisher Scientific)
100 10 µL 99% acrolein (Sigma-Aldrich).
1 mL 10 x PBS
8.3 mL of ddH2O
In fume hood, mix all ingredients in 50 mL falcon tube. Use fresh.
1.5% (w/v) Potassium permanaganate Solution (Yeast)
1.5 g of KMnO4 (Fisher)
90 mL ddH20
Mix potassium permanganate thoroughly in a glass bottle and Q.S. to 100 mL with ddH2O.
1% (v/v) Osmium tetroxide (Plant Tissue)
5 mL 4% Osmium tetroxide Aqueous Solution (Canemco Supplies Marivac, Canton de Gore,
Quebec, Canada)
1 mL 0.5 M NaPO4 · NaN3 (pH7.2)
14 mL ddH2O
Add 14 mL ddH2O and 1 mL 0.5 M NaPO4 · NaN3 (pH7.2) to a glass bottle. In fume hood, score
the edge of a 4% Osmium tetroxide glass ampule with a razor blade. Snap the top of the ampule
off and transfer osmium tetroxide to the glass bottle using a glass Pasteur pipette. Mix and store
in the fume hood at room temperature. The solution should maintain a slight transparent strawyellow hue. If the liquid appears fully transparent or if contamination with organic molecules
should occur rendering the solution a black colour due to osmium dioxide deposition, than discard
the solution appropriately.
1% (v/v) Osmium tetroxide (Yeast)
2.5 mL 4% (v/v) Osmium tetroxide Aqueous Solution (Canemco Supplies Marivac, Canton de
Gore, Quebec, Canada)
1 mL of 10 x PBS
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6.5 mL ddH20
Add ddH2O and 10 x PBS to a glass bottle. In fume hood, score edge of 4% Osmium tetroxide
glass ampule with a razor blade. Snap top of ampule off and add osmium tetroxide to glass bottle
using a glass pipette.
Spurr‟s Epoxy Embedding Resin
Nonenylsuccinic anhydride (NSA)

26.0 g

Vinylcyclohexine O2 (ERL – 4206)

10.0 g

DER 736

4.0 g

Dimethylaminoethanol (S-1)

0.4 g

Weigh all ingredients on a scale in fume hood in disposable beaker. Mix thoroughly with
disposable Pasteur pipette. Aliquot into 50 mL falcon tube. Store at -20°C. Thaw at room
temperature for 2 hours prior to use. Spurr‟s Low Viscosity Resin Embedding Kit ordered from
SPI Supplies/Structure Probe, Inc., West Chester, PA, USA.
0.3 % (w/v) Formvar
0.3 g Formvar
100 mL 1,2-dichloroethane
In fume hood, add formvar to 1,2-dichloroethane. Dissolve by sonication. Add molecular sieves
to prevent hydration of solution.
Saturated Uranyl Acetate
10 g Uranyl acetate (Fisher).
Weigh Uranyl Acetate into glass bottle in fume hood. QS to 100 mL with ddH2O and mix
thoroughly. Cover bottle with aluminum foil to prevent precipitation due to photosensitivity.
Reynolds‟ Lead Citrate
1.33 g Lead acetate
1.76 g Sodium citrate
Prepare CO2-free ddH2O by boiling 200 mL of ddH2O in a microwave for 5 minutes. Wash lead
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acetate and sodium citrate into 50 mL falcon tube with CO2-free ddH2O and shake vigorously for
1 minute followed by intermittent shaking for 30 minutes. Add 8 mL of 1 N NaOH (made with
CO2-free ddH2O). Adimpleate the solution to 50 mL with CO2-free ddH2O and store at room
temperature in a polypropylene tube. Storage in a glass bottle or exposure to CO2 leads to
immediate precipitation of the lead.
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APPENDIX II
Plasmids described in this thesis.
Plasmid

Description

pSAT4-35SP-MCS-35ST

Shuttle vector for cloning of multiple genes into the pRCS2
plasmid. Contains two 35S promoters, MCS and a 35S
terminator flanked by two I-SceI rare restriction enzyme sites for
cloning of entire expression cassette into pRCS2 vector.
Ampicillin (Amp) selection. (Chung et al. 2005).

pHST20

Contains full length TBSV cDNA and Hepatis Delta Virus
ribozyme for generation of viral 3‟ ends. Ampicillin (Amp)
selection. (Scholthof 1999).

pRCS2-ocs-nptII

This plasmid provided the basis for all binary constructs
employed in this thesis. T-DNA region codes for LB and RB
sequences flanking a MCS containing rare restriction cut sites to
allow for expression of several genes from individual expression
cassettes as designated by pSAT shuttle construct. Streptomycin
(Stp) selection. (Chung et al. 2005).

pMAT037/GFP-SKL

Utilized in verifying efficiency of
Agrobacterium infiltration prior to fixation of pRCS2 infiltrated
tissues for Transmission electron microscopy. Kanamycin (Kan)
selection. (McCartney et al. 2005).

pSAT2-nosP-MCS-nosT

Shuttle vector for cloning of a single gene under control of the
nos promoter into the pRCS2 plasmid. The promoter, MCS and
terminator are flanked by two I-PpoI rare restriction sites for
cloning of entire expression cassette into pRCS2. Ampicillin
(Amp) selection. (Chung et al. 2005).

pSAT2 DI72-HDVrib

pSAT2 shuttle vector containing defective interfering (DI) RNA
(DI72) with Hepatic Delta Virus ribozyme for generating
recognizable viral 3‟ ends for replication. (McCartney,
unpublished).

pSAT4 p33

Contains TBSV auxiliary replication protein p33. (McCartney,
unpublished).

pSAT4 p92

Contains TBSV full length RNA-dependent RNA polymerase,
p92. Leaky amber stop codon at 3‟ terminus of p33 has been
mutated to Tyr residue. (McCartney, unpublished).

pSAT4 Rep

Contains TBSV replicase proteins, p33 and p92. Leaky amber
stop codon has been retained to ensure 20 fold expression of p33
over p92 as seen in wildtype TBSV infections. (McCartney,
unpublished).
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pRCS2 Rep

Binary vector containing TBSV replicase genes under control of
35S promoter and terminator. (McCartney, unpublished).

pRCS2 DI72-HDVrib

Binary vector containing DI72 and HDV ribozyme under control
of the nos promoter and terminator. (McCartney, unpublished).

pRCS2 p33 + DI72-HDVrib

Binary vector containing T-DNA region with p33 under control
of 35S promoter and terminator in tandem with DI72-HDVrib
under control of nos promoter and terminator. (McCartney,
unpublished).

pRCS2 p92 + DI72-HDVrib

Contains p92 expressed in tandem with DI72-HDVrib within TDNA region. (McCartney, unpublished).

pRCS2 Rep + DI72-HDVrib

Contains full-length TBSV replicase expressed tandem with
DI72-HDVrib within T-DNA region. (McCartney, unpublished).

Plasmids for Expression in Yeast Cells
Plasmid

Description

pRS423-ADH1

High copy vector with a constitutive alcohol dehydrogenase (ADH1)
promotor and histidine (His) auxotrophic marker for yeast expression.
Ampicilin resistant. Generous donation from John Glover.

pRS424-GPD

High copy yeast vector with a constitutive glycerol-3-phosphate (GPD)
promoter and an auxotrophic tryptophan (Trp) gene for expression in
yeast. Ampicillin resistant. Generous donation from John Glover.

pRS425-GPD

High copy yeast vector with a constitutive GPD promoter and an
auxotrophic leucine (Leu) gene for yeast expression. Ampicillin resistant.
Generous donation from John Glover.

pRS424-ADH1

High copy plasmid constructed by digesting GPD promoter out of
pRS424-GPD and cloning the ADH1 promoter from pRS423-ADH1 into
pRS424 using SacI and XhoI.

pRS425-ADH1

High copy plasmid constructed by digesting GPD promoter out of
pRS425-GPD and cloning the ADH1 promoter from pRS423-ADH1 into
pRS424 using SacI and XhoI.

pRS423-ADH1 p33

High copy plasmid constructed by subcloning p33 out of pRS424-ADH1
p33 into the pRS423-ADH1 vector using SpeI and XhoI.

pRS424-ADH1 p33

High copy plasmid constructed by PCR amplification of p33 in pGBKT7
p33 using primers 2167 and 2175 and ligating the fragment into
SpeI/XhoI digested pRS424-ADH1

pRS425-ADH1 p92

High copy plasmid constructed by site directed mutagensis of pRS425ADH1 Rep using primers 2267 and 2268 that changes the stop codon at
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the p33 terminus to a Tyr residue.
pRS425-ADH1 Rep

High copy plasmid constructed by PCR amplification of Rep from
pGADT7 Rep using primers 2165 and 2175 before ligating the fragment
into SpeI/XhoI digested pRS425-ADH1.

pYC2/CT

Low copy CEN6/ARSH4 vector with an inducible galactose (GAL1)
promoter and an auxotrophic Uracil (Ura) gene for selection in yeast.
Ampicillin (Amp) resistance. (Invitrogen). (Provided by Yeen Ting
Hwang).

pYC2/CT Fp21/Rp22

Low copy plasmid constructed by annealing oligonucleotides KGFp21
and KGRp22. The resulting fragment was ligated into HindIII/XbaI
digested pYC2/CT.

pYC2/CT DI72-HDVrib
Low copy plasmid constructed by digesting the DI72/HDVrib fragment
with KpnI and XhoI digested pSAT2 DI72/DHVrib and ligating it with
pYC2/CT Fp21/Rp22
pRTL2-GFP-AKL-stop
Plant expression vector generated via site directed mutagenesis
of pRTL2-GFP-MCS using primers, Fp28 and Rp29 to introduce the
peroxisomal targeting signal (GFP) and a C-terminal AKL-stop.
pBEVY-A

High copy ampicillin resistant, yeast vector possessing an ADH1
promoter and an adenine (Ade) auxotrophic gene for expression in yeast.

pBEVY-L

High copy ampicillin resistant, yeast vector containing ADH1 promoter
and an auxotrophic Leu marker for yeast expression.

pBEVY-T

High copy ampicillin resistant, yeast vector containing ADH1 promoter
and an auxotrophic Trp marker for yeast selection

pBEVY-A GFP-AKL

High copy plasmid constructed by cloning the GFP-AKL-stop fragment
from pRTL2-GFP-AKL-stop into KpnI-EcoRI-digested pBEVY-A.

pBEVY-L GFP-AKL

High copy plasmid constructed by cloning the GFP-AKL-stop fragment
from pRTL2-GFP-AKL-stop into KpnI-EcoRI-digested pBEVY-L.

pBEVY-T GFP-AKL

High copy plasmid constructed by cloning the GFP-AKL-stop fragment
from pRTL2-GFP-AKL-stop into KpnI-EcoRI-digested pBEVY-T.

pRS317

High copy yeast vector with lysine (Lys) gene for auxotrophic yeast
selection. Contains ampicillin resistance (ATCC).

pRS315 PGK-DsRed-AKL ΔHindIII
Yeast vector constructed using pRS315 PGK-DsRed-AKL as a template
and site-directed mutagenesis and the oligonucleotides, KGFp38 and and
KGRp39, introduced a silent mutation into DsRed to remove a HindIII
site.
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pRS317 PGK-DsRed-AKL
Yeast plasmid expressing DsRed-AKL from a constitutive PGK
promoter. The „PGKpromoter-DsRed-AKL-PGKterminator‟ expression
cassette was subcloned from pRS315 PGK-DsRed-AKL into HindIIIdigested pRS317.
Yeast Transformants
List of yeast constructs transformed into Saccharomyces cerevisiae PJ69-4A or MMY011α
Single Transformants
pRS424-ADH1 p33
pRS425-ADH1 p92
pRS425-ADH1 Rep
pYC2/CT DI-72/HDVrib
pBEVY-A GFP-AKL
pBEVY-L GFP-AKL
pBEVY-T GFP-AKL
pRS315 PGK DsRed-AKL
pRS316 PGK DsRed-AKL
Double Transformants
pRS424-ADH1 p33 + pRS425-ADH1 p92
pRS424-ADH1 p33 + pYC2/CT DI-72/HDVrib
pRS425-ADH1 p92 + pYC2/CT DI-72/HDVrib
pRS425-ADH1 Rep + pYC2/CT DI-72/HDVrib
pRS424-ADH1 p33 + pBEVY-L GFP-AKL
pRS425-ADH1 p92 + pBEVY-T GFP-AKL
pRS425-ADH1 Rep + pBEVY-T GFP-AKL
pYC2/CT DI-72/HDVrib + pBEVY-L GFP-AKL
Triple Transformants
pRS424-ADH1 p33 + pRS425-ADH1 p92 + pYC2/CT DI-72/HDVrib
pRS424-ADH1 + pRS425-ADH1 + pYC2/CT Fp21/Rp22
pRS424-ADH1 p33 + pRS425-ADH1 p92 + pBEVY-A GFP-AKL
pRS424-ADH1 p33 + pYC2/CT DI-72/HDVrib + pBEVY-L GFP-AKL
pRS425-ADH1 p92 + pYC2/CT DI-72/HDVrib + pBEVY-T GFP-AKL
pRS425-ADH1 Rep + pYC2/CT DI-72/HDVrib + pBEVY-T GFP-AKL
Quadruple Transformants
pRS424-ADH1 + pRS425-ADH1 + pYC2/CT Fp21/Rp22 + pBEVY-A GFP-AKL
pRS424-ADH1 p33 + pRS425-ADH1 p92 + pYC2/CT DI-72/HDVrib + pBEVY-A GFP-AKL
List of yeast constructs transformed into Saccharomyces cereviseae BY4742α.
Single Transformants
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pRS423-ADH1 p33
pRS425-ADH1 p92
pRS425-ADH1 Rep
pYC2/CT DI-72/HDVrib
pBEVY-L GFP-AKL
pRS315 PGK DsRed-AKL
pRS316 PGK DsRed-AKL
pRS317 PGK DsRed-AKL
Double Transformants
pRS423-ADH1 p33 + pRS425-ADH1 p92
pRS423-ADH1 p33 + pYC2/CT DI-72/HDVrib
pRS425-ADH1 p92 + pYC2/CT DI-72/HDVrib
pRS425-ADH1 Rep + pYC2/CT DI-72/HDVrib
pRS423-ADH1 p33 + pRS316 PGK DsRed-AKL
pRS425-ADH1 p92 + pRS316 PGK DsRed-AKL
pRS425-ADH1 Rep + pRS316 PGK DsRed-AKL
pYC2/CT DI-72/HDVrib + pBEVY-L GFP-AKL
Triple Transformants
pRS423-ADH1 p33 + pRS425-ADH1 p92 + pYC2/CT DI-72/HDVrib
pRS423-ADH1 + pRS425-ADH1 + pYC2/CT Fp21/Rp22
pRS423-ADH1 p33 + pRS425-ADH1 p92 + pBEVY-A GFP-AKL
pRS423-ADH1 p33 + pYC2/CT DI-72/HDVrib + pBEVY-L GFP-AKL
pRS425-ADH1 p92 + pYC2/CT DI-72/HDVrib + pRS317 PGK DsRed-AKL
pRS425-ADH1 Rep + pYC2/CT DI-72/HDVrib + pRS317 PGK DsRed-AKL
Quadruple Transformants
pRS423-ADH1 + pRS425-ADH1 + pYC2/CT Fp21/Rp22 + pRS317 PGK DsRed-AKL
pRS423-ADH1 p33 + pRS425-ADH1 p92 + pYC2/CT Fp21/Rp22 DI-72/HDVrib + pRS317
PGK DsRed-AKL
Saccharomyces cerevisiae strains described in thesis
PJ69-4A
MATa, trp1-901, leu2-3, 112 ura3-52, his3-200, gal4, gal80, LYS::GAL1-HIS3, GAL2 ADE2,
met2::GALZ-lacZ.
MMY011α
MATα, can1-100, ade2-1, his3-11, 15, trp1-1, leu2-3, 112, ura3-1.
BY4742α
MATα, his3-1, leu2-0, lys2-0, ura3-0.
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APPENDIX III
Table 3. Synthetic primers used in the construction of plasmids described in this thesis.

Plasmid Name
pSAT4 SpeI

Template
pSAT4-35SPMCS-35ST

Primers
KG Fp1

KG Rp2

pHST20 SpeI

pHST20

KG Fp3

KG Rp4

pSAT4 SpeI

pSAT4-35SPMCS-35ST

KG Fp5

KG Rp6

pHST20 SpeI

pHST20

KG Fp7

KG Rp8

pGBKT7 SpeI

pGBKT7

KG Fp9

KG Rp10

pGADT7 SpeI

pGADT7

KG Fp11

KG Rp12

pHST20 SpeI Y2H

pHST20

KG Fp13

KG Rp14
pGBKT7 SpeI/SacI

pGBKT7

KG Fp15

KG Rp16
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Sequence (5‟ to 3‟)
GGAAGTTCATTTCATTTGG
AGAGGACTAGCAGAGTTCT
CAACACAAC
GTTGTGTTGAGAACTCTGC
TAGTCCTCTCCAAATGAAA
TGAACTTCC
GTTCATTTCATTTGGAGAG
GGACTAGCAAATTCTCCAG
GATTCCTCG
CGAGGAATCCTGGAGAATT
TGCTAGTCCCTCTCCAAATG
AAATGAAC
GGAAGTTCATTTCATTTGG
AGAGGACTAGTAGAGTTCT
CAACACAAC
GTTGTGTTGAGAACTCTACT
AGTCCTCTCCAAATGAAATG
AACTTCC
GTTCATTTCATTTGGAGAGG
GACTAGTAAATTCTCCAGGA
TTCCTCG
CGAGGAATCCTGGAGAATTT
ACTAGTCCCTCTCCAAATGA
AATGAAC
CACTATAGGGCGAGCCGCC
ACTAGTGAGGAGCAGAAG
CTGATC
GATCAGCTTCTGCTCCTCAC
TAGTGGCGGCTCGCCCTAT
AGTG
CACTATAGGGCGAGCGCCAC
TAGTGAGTACCCATACGACG
TACC
GGTACGTCGTATGGGTACTC
ACTAGTGGCGCTCGCCCTAT
AGTG
AATTGTAACTTCCAACAAAC
TAGTGACATGGAGACCATCA
AGAG
CTCTTGATGGTCTCCATGTCA
CTAGTTTGTTGGAAGTTACAATT
TATGGCCATGGAGGCCACTAG
TGAATTCCCGGGGATCCGTCG
ACGAGCTCCTGCA
GGAGCTCGTCGAGCGATCCCC

pRS425-ADH1 Rep

pGADT7 Rep

p92 XhoRp

pRS424-ADH1 p33

pGBKT7 p33

p33 XhoRp

pRS425-ADH1 p92

pRS425-ADH1
Rep
pGBKT7 p33

-

pRS425-ADH1 Rep
pRS425-ADH1 p92

pGADT7 Rep
pRS425-ADH1
Rep

pHST20
PstFp

pRS425-ADH1 Rep

pGADT7 Rep

p33 EcoFp

pYC2/CT
Fp21/Rp22

Annealed oligos KG Fp21
for
pYC2/CT
MCS
KG Rp22

pRS424-ADH1
EcoRI/BamHI

pRS424-ADH1

pRS424-ADH1 p33

p33 SpeFp

KG Fp23

KG Rp24

pRTL2-GFP-AKLstop

pRTL2-GFPMCS

KG Fp28

KG Rp29

pGC Blue PGKp- pRS315
PGK KG Fp30
DsRed-AKL-PGKt DsRed-AKL
KG Rp31
pRS317
DsRed-AKL

pRS315
DsRed-AKL
ΔHindIII

PGK pGC Blue PGKp- KG Fp36
DsRed-AKLPGKt
KGRp37
PGK pRS315
PGK KGFp38
DsRed-AKL
KGRp39
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GGGAATTCACTAGTGGCCTCC
ATGGCCA
CCGGCCCTCGAGTCAAGCTAC
GGCGGAGTCGAG
CCGGCCCTCGAGCTATTTGAC
ACCCAGGGACTC
CCGGCCACTAGTATGGAGAC
CATCAAGAGAATG
CCACTCGGATGGCTAAGGG
ACTGCAGGAATTTCCCCGAT
CGTTCAAAC
CCGGCCGAATTCATGGAG
ACCATCAAGAGAATG
AGCTTGAGCTCGGATCCCTC
GAGGAATTCGGTACCGCGGC
CGCT
CTAGAGCGGCCGCGGTACCG
AATTCCTCGAGGGATCCGAG
CTCA
TCGAGGTCGACCTGCAGCCC
GGGGGATCCATCGATAAGCT
TGATATCGAATTCA
CTAGTGAATTCGATATCAAG
CTTATCGATGGATCCCCCGG
GCTGCAGGTCGACC
GGATGAACTATACAAAGCTA
AGCTTTAATCTAGTGGATCCA
AGCTTCTC
GAGAAGCTTGGATCCACTAGA
TTAAAGCTTAGCTTTGTATAGT
TCATCC
GGCCGGAAGCTTTCTAACTGA
TCTATCCAAAACTGAAAATTAC
GGCCGGAAGCTTTAACGAACG
CAGAATTTTCGAGTTATTAAAC
AAGGCCACAATACCGTAAAGC
TGAACGTAACCAAGGGGGGACC
GGTCCCCCCTTGGTTACGTTCA
GCTTTACGGTATTGTGGCCTT
AAGGCCACAATACCGTAAAG
CTGAAGGTAACCAAGGGGGGACC
GGTCCCCCCTTGGTTACCTTC
AGCTTTACGGTATTGTGGCCTT

Table 4. Sequencing primers used in sequencing vectors used for cloning.

KG pRS Ysel Rp

pRS vectors, yeast
ACTCAACCCTATCTCGGTC
selection markers
KG ADH1 pRS MCS Fp pRS vectors,
GTTTGCTGTCTTGCTATCAAG
ADH1 downstream
Gal1 Fp
Yeast galactose promoter AATATACCTCTATACTTTAACGTC
KG pBEVY YS

GCCTGTATATATATATACATGAG

KGFp32 PGKp Seq

pBEVY-X
vectors
pRS31X PGK promoter

KGRp33 RFP 3' Seq

DsRed/RFP downstream

GAATTCAACTAGGTAATG

AGTGTGCAAGTTTCTGTAAATCG

Table 5. Single gene knock-out mutants of S. cerevisiae BY4742α described in this thesis.

Yeast Gene
vps27
vps23 (stp22)
vps28
doa4
pex3
pex19
cdc34
bro1
vps25
vps36
vps4
vps32/snf7
vps24
erg4
ino2
tdh2

Clone
ID
15381
13416
12763
14004
13688
13762
23990
12744
12580
15325
15588
11580
14890
14380
14057
16806

Accession
Number
YNR006W
YCL008C
YPL065W
YDR069C
YDR329C
YDL065C
YDR054C
YPL084W
YJR102C
YLR417W
YPR173C
YLR025W
YKL041W
YGL012W
YDR123C
YJR009C

Strain
BY4742α
BY4742α
BY4742α
BY4742α
BY4742α
BY4742α
BY4742α/a
BY4742α
BY4742α
BY4742α
BY4742α
BY4742α
BY4742α
BY4742α
BY4742α
BY4742α

Catalogue Number
YSC1021-550137
YSC1021-547701
YSC1021-548481
YSC1021-547257
YSC1021-548988
YSC1021-550674
YSC1021-669597
YSC1021-548466
YSC1021-549508
YSC1021-548215
YSC1021-548586
YSC1021-546490
YSC1021-547845
YSC1021-548756
YSC1021-547296
YSC1021-549863

All S. cerevisiae BY4742α mutants described above were purchased from Open Biosystems (a part of Thermo-Fisher
Scientific), Huntsville, AL, USA.
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APPENDIX IV

Figure 1. Transmogrification of a peroxisome into a pMVB in tobacco leaves infected with
the Tombusvirus Cymbidium Ringspot Virus (CyRSV). (Russo et al. 1983).
Russo et al. (1983) infected N. clevelandi leaf tissue with CyRSV. Electron micrographs (1) show
a peroxisome at an early stage of CyRSV infection progressing through to mid-stages of viral
infection as observed in (2) and (3). Vesiculated regions of the peroxisome in (4) begin to
protrude outward into cytosole, extending outward and arcing to engulf portions of the cytosol
that result in C-shaped (5) or doughnut-shaped (6) pMVB structures. Image 1, 3, and 4 are x 40k,
image 2 is x 46k, and images 5 and 6 are x 27k.
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Figure 2. Western blot analysis of yeast cell and tobacco leaf tissue expression of TBSV
replicase proteins.
(A) S. cerevisiae BY4742α transformed with TBSV replicase proteins with or without the DI72 were lysed and proteins fractions were separated using SDS-PAGE and blotted onto
nitrocellulose membrane for immuno-detection using Rabbit α-p33 IgGs
(B) Insoluble fractions of protein extracted from N. benthamiana leaf tissue Agro-transfected
with TBSV repllicase proteins with the DI-72. Proteins were separated via SDS-PAGE
and transferred to a nitrocellulose membrane for immuno-blotting with Rabbit α-p33
IgGs.
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