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Abstract 

 The discovery of viroids in 1971 opened the door to a whole new field of RNA 

biochemistry. Viroids subsequently became the first of many facets of RNA biochemistry: the 

first single stranded covalently closed RNA discovered in nature, the first subviral pathogen 

discovered, and the first pathogen of a eukaryotic system to have its genome sequenced. Viroids 

are the smallest known agents of infectious disease and they represent the borders of life. They 

replicate autonomously within their host and since they do not code for their own proteins, they 

act as scavengers of the host transcriptional machinery. By doing so, viroids find ways of 

trafficking, localizing, and replicating within their host based on the sequence and structure of 

the RNA alone. Once in their hosts, viroids are incredibly resilient and can cause economic 

damage on several commercial crops. Apart from controlling viroids for economic reasons, the 

more enticing feature of viroid study is the use of viroids as model systems to study essential 

underlying questions about the evolution of RNA pathogens, and to use viroids as models to 

study non-coding RNAs. The field of non-coding RNA research has surged within the past 

decade and viroids are becoming important vehicles to bring insight into this field of study. The 

study of viroids has been extensive through the years, but several questions remain: What 

structural conformations do viroids employ to recruit host enzymes, and what are the enzymes 

that cleave and ligate viroids into mature progeny. To answer some of these questions, we have 

looked at processing of the potato spindle tuber viroid (PSTVd) RNA in the budding yeast 

Saccharomyces cerevisiae. We found that one specific construct will process into a mature viroid 

circle in yeast and we also found that processing in this system is distinct from other plant and 

non-plant based host systems. This processing is a delicate interplay of ligation and degradation 

by host machinery. Yeast is a great system to study viroid processing as yeast allows for use of 



7 
 

the entire toolbox of temperature-sensitive and knockout protein mutants. By employing yeast, 

focus can be driven towards the mechanisms of host protein recruitment, viroid processing 

requirements, and degradation mechanisms from the host. We have ascertained insight into 

PSTVd processing using yeast. We have found methods to transform and process PSTVd, 

investigated enzymes that effect processing, and started to establish an in vitro yeast system. 

Through these studies, we have also developed a method to enrich viroid RNAs from total RNA 

extractives. This has been vital to assays specific around viroid transcription and cleavage. 

Overall, this research is further testament that viroids are minimalist scavengers of a very diverse 

array of cellular transcriptional machinery. They can process in higher eukaryotes (plants) and 

simple eukaryotes (yeast). They are shown to affect each host in distinct manners using 

fundamental RNA biology that all organisms share.  

 

Preface 

 The discovery of viroids was a landmark event in RNA biochemistry and molecular 

biology. Viroids have provided insight into single-stranded RNA structure, RNA folding, and 

pathogenic RNA interactions within hosts. Chapter 1 covers the history of viroid discovery, 

economic effects of viroids, viroid-host interactions, and viroid links to non-coding RNA 

research.  

 The goal of this research is to use yeast as a model system to study potato spindle tuber 

viroid (PSTVd) processing. Yeast is an enticing model system due to the toolbox of strains 

available for use. In Chapter 2, PSTVd expression systems were set up to express four different 

PSTVd conformations to monitor processing. We show that one conformation processes into a 
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mature viroid circle in yeast. The processing is distinct from that of other model systems, and 

host degradation machinery was shown to affect the production of circular progeny.  

 To utilize additional biochemical techniques to study transcriptions and cleavage of 

viroids in yeast, Chapter 3 goes into methods of viroid enrichment from total RNA from yeast. 

Due to the high level of degradation of viroid RNA in yeast, enrichment of the viroid transcripts 

and processing intermediates is key to primer extension assays that provide additional processing 

details.  

 To garner additional processing data, an in vitro processing system could allow for the 

study structural and RNA- host protein interactions that would be difficult to study in vivo. 

Chapter 4 covers the set-up of an in vitro yeast whole cell extract assay to investigate PSTVd 

transcript processing.  

 Lastly, Chapter 5 covers the cloning strategy of new PSTVd expression constructs for 

use in additional yeast knockout and temperature-sensitive mutant strains. This would unlock the 

entire library of yeast mutants to study PSTVd processing in greater detail.  
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Chapter 1: Introduction 

Discovery of PSTVd and PSTVd Molecular Characteristics 

 The first description of a viroid infection was reported in the Irish Cobbler Potato plant in 

1921. This disease was originally thought to be a virus that infects the tubers of potatoes and 

causes stunted plants with elongated tubers (1-3). Nearly 50 years later, Theodor Diener found 

that the causal nature of this agent was not that of a virus, but of a new class of subviral 

pathogen. Due to its small size and the fact that it’s a non-encapsidated “naked” RNA, this 

pathogen did not fit under the definition of a virus, and hence the term “viroid” was created (4-

6). The first viroid to be discovered was named Potato Spindle Tuber Viroid (PSTVd). Apart 

from being subviral and a “naked” RNA, it was found that viroids including PSTVd, do not have 

any translation products and, thus, do not behave like mRNAs (7, 8).  In addition, viroids were 

the first covalently closed circular single-stranded RNAs ever detected in nature (9). The 

structure and sequence of PSTVd was soon determined, and this also became the first pathogen 

of a eukaryotic system to have its secondary structure and sequence determined (10). To this end, 

PSTVd was found to be a circular, non-coding, single stranded RNA of 359nt in length and, thus, 

the smallest known agent of infectious disease at this time.  

Viroid taxonomy, host range, and symptoms  

 Since the discovery of PSTVd, approximately 32 viroid species have identified. Viroids 

are categorized within two families: Pospiviroidae and Avsunviroidae (Table1.1) (11, 12). The 

accession number for viroid species is available on GenBank.  
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Table 1.1: Viroid Species, abbreviations, sequence variants, genus and family (11) 

          

 

Hosts for viroids include monocots and dicots. Vegetable crops, ornamentals, and woody 

perennials all are hosts to various species of viroid (3). Viroids can infect several economically 
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important plants including: potato, tomato, cucumber, hop, coconut, grapevine, avocado, peach, 

apple, pear, citrus, plum and chrysanthemum(11). Viroids can be transmitted mechanically 

through contact with contaminated farming tools, human hands and contact between plants. 

Pospiviroidae can be transmitted through infected seed, pollen, and insects. Symptoms of viroid 

infections vary according viroid type and species of plant infected. The symptoms can range 

from mild to severe and can include: stunting, epinasty, vein discoloration, leaf distortion, 

necrotic spots, tuber malformation, and in the most severe cases, plant death (3, 13-15). 

Infections by several viroids can result in little or no symptoms. In general, symptom expression 

is favored by high light intensity and higher temperatures (11). Chloroplastic abnormalities were 

also seen with some viroid infections. These chloroplastic symptoms included aberration of the 

thylakoid membrane and chloroplast discoloration (3, 11, 16, 17).  

Economic implications of viroid damage and disease control 

 Viroid outbreaks can inflict serious economic damage if not treated in a timely manner.  

Coconut viroids are of concern since infected trees fail to produce nuts for many years before 

death. Since the discovery of coconut cadang viroid, approximately 4x107 plants were destroyed. 

This accounts for roughly $20-50 million annually in losses. For potatoes, approximately 1% of 

crop losses are due to PSTVd infections. From 1988-1990, approximately 197,850 tons of potato 

losses were caused by PSTVd (18).  Chrysanthemum stunt viroid (CSVd) accounted for $3 

million in losses in Australia in 1987 (18). In Europe, its estimated that PSTVd causes over €10 

million in damages to tomato and potato crops (19).  PSTVd and Chrysanthemum stunt viroid 

(CSVd) are on the European and Mediterranean Plant Protection Organization (EPPO) 

quarantine pest list (20). This requires that seed stock be thoroughly tested for the presence of 

these pathogens (15).  



12 
 

 Controlling viroid disease can be challenging due to the resiliency of viroids. PSTVd can 

survive in freeze-dried tomatoes for several years and can remain in potatoes for over 20 years. 

In addition, it has been shown that PSTVd can flourish symptomless in plants at subzero 

temperatures (21). The most effective measures of viroid control are prevention of infected plant 

material in the field or greenhouse, strict hygiene, and monitoring of crop symptoms (3).  

 To prevent and control viroid spread, detection of infected material is paramount. The 

earliest method of viroid detection was by poly acrylamide gel electrophoresis (PAGE) (22). 

From using PAGE, the electrophoretic migration of small RNA circles is distinct from that of 

linear RNA. The circular RNA can be extracted from the gel and subject to highly sensitive 

identification methods using reverse transcription PCR (RT-PCR) followed by sequencing. 

However, the PAGE method followed by extraction was time consuming. The first large scale 

screening programs were developed by Owens and Diener using recombinant DNA technology 

followed by dot blot hybridization (23).  Since then, rapid and sensitive detection methods have 

been employed to essentially eradicate PSTVd in the US and Canada (3, 24-27).  

 To prevent viroid transmittance in the field, agricultural tools can be treated with various 

chemicals: sodium hypochlorite, hydrogen peroxide, sodium hydroxide, and formaldehyde (3, 

28, 29). A combination of thermotherapy with meristem-tip culture resulted in efficient viroid 

elimination from infected plants (30, 31). Cryotherapy of shoot tips is also proving to be 

successful for eradication of pathogens from potato, sweet potato, grapevine, banana, raspberry 

and prunes (3, 32). Grafting has also proven to be an effective measure for eradication of 

pathogen from host plant. This technique has been applied for the elimination of Citrus cachexia 

viroid and Citrus exocortis viroid (3). Despite the best efforts of eradicating viroids, the problem 

persists in China where roughly 6.5% of the potatoes tested in 2015 were infected with PSTVd 
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(33). This indicates that designing more effective measures and rigor will need to be employed to 

eradicate PSTVd in China.  

Viroid-host Interactions 

Avsunviroidae Family 

 The 30 known viroid species are contained within two families: Pospiviroidae and 

Avsunviroidae. There are many similarities between viroids of both families. For instance, both 

families are subviral, circular, single-stranded RNA replicons that infect several species of 

plants. They are under 600nt in length, lack a protein coat, and do not code for proteins (34). 

There are also stark differences between the two families of viroids.  A majority of viroids reside 

within the Pospiviroidae family, however; 4 viroids have distinct molecular characteristics and 

replication paths and these comprise the Avsunviroidae family (12). This section will go into 

detail on the molecular characteristics, replication and pathogen-host interactions of viroids 

within the Avsunviroidae family.  

 The type species for viroids of the Avsunviroidae family is the Avocado sunblotch viroid 

(ASBVd). This viroid was discovered in 1979 inducing sunblotch symptoms within avocados. It 

was found that this viroid was smaller than other viroids that were characterized at the time (35). 

ASBVd was sequenced and the secondary structure was determined. The results were somewhat 

confounding as this viroid only was only 247nt in length compared to PSTVd (359nt), and it 

only shared 18% sequence homology to PSTVd (36). The lack of sequence homology indicated 

that ASBVd was distinct of the PSTVd type viroid. The secondary structures of Avsunviroidae 

viroids are branched unlike the typical “rod-like” conformation of Pospiviroids (Figure 1.1) (37, 
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38). All members of the Avsunviroidae have been structurally mapped by in vitro and in vivo 

studies (39-42).  

 

 

 

 

 

Figure 1.1: A. PSTVd secondary structure compared to B. ASBVd secondary structure (38) 

 One of the first unique features of ASVBd replication was that oligomeric forms of both 

(+) and (-) strand polarities were seen in roughly equal quantities during infection (43). A 

continuation of this work concluded that ASBVd replicates via a symmetric rolling circle 
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mechanism (44-46). The rolling circle replication cycles of Avsunviroidae (symmetric) and 

Pospiviroidae (asymmetric) are shown in Figure1.2 (46). 

 

 

  

                    

Figure 1.2: A. Symmetric rolling circle replication B. Asymmetric rolling circle replication 
(46) 

A key feature of the symmetric rolling circle replication is that both (+) and (-) strand circles are 

formed within the cell. This replication cycle is carried out within the chloroplast of the cell and 

the nuclear encoded polymerase (NEP) is the polymerase responsible for making both (+) and (-) 
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strands (41, 47). Perhaps one of the most important discoveries in viroid research has been the 

cleavage mechanism of oligomeric strands of both the (+) and (-) strands. Hutchins et al.  (48) 

showed that the cleavage is accomplished through a self-catalytic ribozyme. This ribozyme was 

55 nt in length and was called the “hammerhead” (HH) ribozyme (49, 50). At the time of its 

discovery, this was the third self-catalytic RNA discovered.  The ribozyme findings opened a 

whole discussion around RNA being the molecule to spark life (51). It was hypothesized that 

viroids and other circular RNAs were relics of pre cellular evolution (52).  

 Following cleavage unit length monomers, the viroid monomers rearrange themselves to 

form a highly base paired internal loop within the ribozyme that directs ligation (53, 54).  After 

cleavage to (+) and (-) strands, it was shown that these strands fold differently from one another 

before ligation (55, 56).The RNA is then ligated by chloroplastic tRNA ligase (57). Apart from 

the tRNA ligase, the protein elongation factor 1-alpha (eEF1A) was shown to bind to Peach 

Latent Mosaic Viroid (PLMVd) (58).  Movement and intercellular trafficking of viroids of 

Avsunviroidae is still being investigated. The proposed cellular trafficking for ASBVd and 

PSTVd is shown in Figure 1.3 (59). It was shown that the Eggplant Latent Viroid (ELVd, family 

Avsunviroidae) transports from the cytoplasm to the nucleus, then to the chloroplast for 

ligation(60). The reason for nuclear transport is unclear at this time.  
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Figure 1.3: Systemic Infection, intracellular and cell to cell trafficking of ASBVd and 
PSTVd (59) 

The movement of ASVd and PSTVd from either chloroplast or nucleus through the 
plasmodesmada (PL) and eventually through bundle sheath (BS). Following exit of the BS, the 
viroids travel through the bundle sheath phloem (BSPh) and the phloem (Ph). 

 

Pospiviroidae 

 The type species for the Pospiviroidae family and the main target of our research is 

PSTVd. Unlike ASBVd, PSTVd adopts an unbranched rod like structure consisting of 5 

domains: terminal left, pathogenicity modulating, central conserved region (CCR), variable, and 

terminal right (Figure1.4) (10, 61, 62). Pospiviroidae contain a region of high sequence 

homology the within the CCR.  The Avsunviroidae family does not contain a CCR region within 

their sequence and thus does not share a region of high homology amongst its members. In the 

final stages of its replication, PSTVd forms a stable rod conformation, however; PSTVd can also 

adopt a variety of metastable structures that have been shown to be important within PSTVd 

replication (63, 64).  From a molecular standpoint, a couple features of PSTVd are noteworthy. 

One of the most significant structures is the loop E motif within the CCR (65, 66). The loop E 
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motif is a sarcin ricin domain found in many different life forms (66, 67).  The CCR was shown 

to be able to fold into a hairpin I domain (HPI) under various conditions (68). Within the variable 

region of PSTVd a hairpin II structure (HPII) can also form (69). The secondary structure of 

PSTVd and its structural transitions have been highly studied through the years using various 

biophysical and biochemical analysis (2, 41, 70, 71).  
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Figure 1.4: Secondary Structure, domains, and regions necessary for trafficking (T) and replication (R) of PSTVd (62)
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 The replication cycle (Figure 1.2) of PSTVd follows an asymmetric rolling circle path in 

the nucleus of infected cells (72). Both the replication cycle and replication site are different 

from ASBVd. Branch and Robertson (73) discovered that PSTVd follows the asymmetric rolling 

circle  by northern blot analysis of replicative intermediates. They found that circles are only 

formed from (+) strand multimers. The synthesis of (+) and (-) strands is produced by DNA-

dependent RNA polymerase II (Pol II) (74, 75). The Pol II finding is interesting in that a RNA-

directed polymerase (rDrP) is not the RNA pathogen transcribing polymerase as seen in most 

plants (76). PSTVd redirects the Pol II into transcribing its RNA. Due to its small size, PSTVd 

does not require the whole series of host factors associated with typical Pol II transcription. 

However, the conversion of Pol II to transcribe RNA is associated with the canonical 9-zinc 

finger (ZF) transcription factor IIIA (TFIIIA-9ZF). Wang et al.  (77) showed that suppression of 

this protein reduced PSTVd production. Furthermore, they showed direct evidence of Pol II 

interacting with (+) and (-) strands.  Pol II interacts with both strands, however the formation and 

accumulation of the (+) strand is significantly higher than that of the (-) strand in PSTVd infected 

cells (78).  

 PSTVd does not contain a ribozyme sequence and cleavage of multimers to unit length 

monomers is accomplished by a host nuclease (79). For processing, PSTVd undergoes structural 

rearrangements to recruit host enzymes. The study of these structural rearrangements and 

recruitment of host enzymes and mechanism of infection has been investigated broadly since the 

discovery of PSTVd. To begin the study of this mechanism, the first infectious viroid cDNA was 

formed using a dimeric construct (80). Studies indicated that the CCR was important for PSTVd 

infectivity and replication.  The research showed that short terminal duplications (8-11nt) of the 

CCR were highly infectious (81-85). Since the CCR can fold into a HPI motif upon exiting Pol 
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II, Diener (86) postulated that  HPI domains can align oligomers into a thermodynamically stable 

and highly base paired structure containing three stacked helices termed the “trihelix”. Due to its 

high level of base pairing and thermodynamic stability, the trihelix was the top candidate to act 

as the recognition site for the host nuclease. Apart from the trihelix, a CCR containing 

duplications can fold into multiple metastable structures. An in vitro study showed that RNase 

T1 could cleave and ligate a CCR with duplication, but the exact substrate was still not known 

(87).   

 To elucidate the exact structural requirements needed for viroid processing, a PSTVd 

transcript containing a 17nt duplication of the CCR was studied in potato nuclear extracts (88). 

This transcript could adopt four possible secondary structures and the structure formation was 

controlled by temperature, ionic strength and structure-directing complimentary RNA 

oligonucleotides. Only one of these structures could form wild-type PSTVd circles. Interestingly, 

one of the structures that this transcript could fold into was the trihelix, and this was not the 

structure that ligated into a circle. From this study, the only structure to ligate properly was the 

“extended middle” structure. Using UV crosslinking, chemical mapping, temperature gradient 

gel electrophoresis (TGGE) and thermodynamic calculations, it was concluded that the CCR of 

the “extended middle” folds into a GNRA tetraloop (TL) (63, 89). The trihelix and TL structures 

are shown in Figure 1.5. After cleavage, the TL switches to the extended rod that contains the 

loop E motif that stabilizes the structure to dictate ligation.  



22 
 

 

Figure 1.5: A. Trihelix structure (triH) containing two copies of the CCR and B. Tetraloop 
(TL) structure containing 17nt duplication (80-96) 

The nucleotides of the upper CCR are given explicitly. Green (nucleotides 80-87), red           
nucleotides 90-99) and blue (nucleotides 102-110). L (terminal left) and R (terminal right) 
represent the remaining viroid structure. The arrowheads mark cleavage sites.  

 

 A later study conducted by Gas et al. (64) suggested that cleavage is not controlled by the 

TL, rather that cleavage was directed by the triH. The system that they used to show cleavage 

and ligation was an in vivo transgenic Arabidopsis thaliana model. They proposed that two HPI 
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motifs interact by kissing loops in sequential arrangement on a dimeric RNA, or on different 

monomers, to initiate the formation of the trihelix. Specifically, they introduced mutations on a 

dimeric Citrus exocortis viroid (CEVd) that were expected to abolish the formation of a GNRA 

tetraloop. These mutations had no adverse effect on cleavage. They also observe that not all 

members of the Pospiviroidae family can form GNRA tetraloops within the CCR. All of these 

factors led them to conclude that the trihelix is in fact the structural intermediate necessary for 

cleavage and ligation in all members of the Pospiviroidae family (90).  

 The structural debate was further convoluted by experiments performed on members of 

the Pospiviroidae family whose CCR may adopt an alternative form of the tetraloop. Biophysical 

and chemical mapping of the citrus viroid III (CVd-III) indicated that the CCR of this viroid 

rearranges differently than PSTVd to allow for cleavage and ligation (91). Lastly, work using 

PSTVd infected Nicotiana benthamiana showed that mutations that disrupt HPI, the sequence 

that forms the trihelix, have a strong effect on viroid trafficking, but little effect on replication. 

They concluded that both HPI and HPII are not essential for PSTVd replication (Figure 1.4) (62).  

 Identifying the necessary host processing enzymes has been a growing area of study for 

viroid research. Knowing the processing enzymes can give insight into the structural 

intermediates by knowing the preferred substrates of these enzymes.   In the past decade, 

significant advancements have been made in the identification of the polymerases, nucleases and 

ligases involved with viroid processing. One of the first processing enzyme discoveries was that 

of Pol II being the protein to transcribe (+) and (-) strands. This was already covered within this 

introduction and extensively reviewed in Flores et al.  (92). An RNaseIII was initially identified 

as the nuclease involved in processing. This proposed enzyme postulated by a series of 

mutational studies conducted in transgenic Arabidopsis (64). From this study, the researchers 
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concluded that 3’ protruding nucleotides in each strand showed the signature cleavage of an 

RNaseIII. This work was followed up by another study investigating the ends left after cleavage 

and before ligation. Gas et al. (93) showed that a dimeric CEVd transcript leaves a 5’ 

phosphoester and a 3’ hydroxyl in Arabidopsis. This provided additional evidence of an RNase 

III /Dicer-like enzyme being involved in cleavage. To study Dicer involvement in PSTVd 

processing, Dicer knockdown plants of Nicotiana benthamiana were created and infected with 

PSTVd. The researchers were able to show that Dicer-Like 4 was involved in PSTVd processing 

(94, 95). For the ligation step, surprisingly, a DNA ligase and not an RNA ligase was shown to 

circularize PSTVd linear monomers. Nohales et al. (96) were able to show that a DNA ligase I 

cloned from Arabidopsis was able to ligate a PSTVd transcript when containing a 5’ 

phosphoester and 3’OH. The site of ligation was also very specific, as the ligase only 

circularized between G95 and 96. A review of all of the known viroid-protein interactions are 

summarized in Katsarou et al. (97). 

  PSTVd Trafficking    

 For a systemic infection, viroid RNAs must transport individually from infected cells to 

neighboring cells, and eventually distant organs. Cell to cell trafficking of PSTVd occurs through 

the plasmodesmata (98) and long distance trafficking occurs through the phloem (99). The 

overall movement of the viroid RNA is mediated by RNA motifs within the viroid sequence. The 

phloem was shown to have a mechanism to recognize and traffic PSTVd. Phloem entry and exit 

appear to be regulated differently according to PSTVd variant (100, 101). A bipartite RNA motif 

is required to move PSTVd from bundle sheath to the mesophyll and this requirement only 

applies to young leaves (101). A genomic map of PSTVd sequences and regions of importance 

for trafficking and replication have been identified (Figure 1.3 and Figure1.4) (62). Certain loops 
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within the extended rod of PSTVd are critical to systemic trafficking. A mutational study showed 

that Loop 19 mediates traffic from palisade mesophyll to spongy mesophyll in Nicotiana 

benthamiana. The A135 and C227 within this loop were the bases critical to the movement of 

PSTVd (102).  

RNA Silencing and Viroid Pathogenesis 

 Post-transcripitonal gene silencing (RNA silencing) is a multilayer defenese mechansim 

of plants which normally protects the plants from invasion by pathogenic RNA replicons (103). 

However, since viroid RNA is not translated, this defense has no value against viroids.  Rather 

the viroids co-opt this stystem against plantsin order to produce their pathogenicity. Double-

stranded RNA (dsRNA) and single-stranded RNA (ssRNA) with self-complementary regions 

trigger silencing in plants. These RNAs are recognized and processed by class III RNases termed 

Dicer-Like (DCL) (92, 104). The DCL cleaveage produces silencing RNAs (siRNA)  of 20-25 nt 

in length (105). One strand of the DCL generated RNAs are incorporated into the RNA-induced 

silencing complex (RISC) in the cytoplasm to cause RNA degradation, translation arrest, or 

DNA methylation through transciptional gene silencing (101, 106). Pathenogenic DCL-produced 

21-22 nt RNAs derived from the viroid that accumlate in plants are called vd-sRNAs. 

Wassenegger et al.  (107) reported that PSTVd vd-sRNAs direct methylation of cDNA 

sequences found within the tobacco genome (92). This was one of the first reported cases of 

PSTVd being involved in RNA silencing.   

 Plants use RNA silencing as as a defensee against viroid infection, however; viroids also 

use this RNA silencing machinery for replication. With PLMVd, it was shown that a vd-sRNA 

can base-pair to an mRNA enoding the chloroplasitc heat-shock protein 90. The binding results 
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in cleavage of the mRNA. The degradation of this RNA may favor viroid accumulation. 

preventing the proper folding of many critical proteins (108).  Adkar-Purushothama et al. (109)  

discovered that a region of PSTVd processed by host DCLs generate a vd-sRNA that modulates 

host gene expression to benefit the viroid. The vd-sRNA produced mimics a miRNA that targets 

host callose sythesis mRNA. This results in a lowering of the mRNA and thus a reduction in 

callose production. Callose synthesis at the plasmodesmata is a host defense known to restrict 

virus trafficking (92, 110); the viroid has used mRNA silencing to counter this defense.  In 

addition, and as previously discussed, data shows that Dicer-Like 4 is is the cleavage nuclease 

repsonsible for viroid processing (94). Lastly, Minoia et al. (111) were able to show that 

additional degradation pathways exist with a viroid infection and that degradation may procede 

during replication. The decay pathways could be part of an overall mRNA degradation pathway.    

Saccharomyces cerevisiae and Other Nonconventional Hosts Used as Model 

Systems to Study Viroids 

 Yeast  is a highly studied, highly characterized and convenient molecular biology tool for 

in vivo and in vitro studies (112). Yeast was the first eukaryotic organism to have its genome 

completely sequenced and the yeast genome consists of only ~6000 genes. Over 5780 of these 

genes have been functionally characterized (113, 114). Due to extensive study following the 

sequencing of its genome, knockout strains for every nonessential gene in yeast have been 

created (115, 116). As for the essential genes, knockdown or temperature sensitive mutant 

collections have also been created (117). Thus, there are tools in yeast to examine all of the 

genes within its genome and this over 18 million gene-gene combinations (118) among these. 
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 The study of plant viruses and viroids in their native host plants can be challenging. 

Plants have relatively large genomes (~20-30,000 genes) and most genes have not been 

thoroughly studied. In addition, because of the high level of redundancy gene function in plants, 

deconvoluting virus-host interactions can prove time consuming and tedious (119). The Ahlquist 

lab pioneered the use of yeast as a model system to study RNA plant pathogens. They were able 

to express the brome mosaic virus (BMV) in the yeast strain YPH500 (120, 121) and get 

reproduction of a  (+)-strand RNA virus. Following the ability to process a plant virus in yeast, 

Ahlquist et al.  took full advantage of the yeast collections to start identifying the proteins and 

host factors that were essential for (+)-strand virus processing in yeast (122-124). 

  The Nagy lab has also explored what yeast can offer scientists studying the replication of 

other (+)- strand viruses, particularly tomato bushy stunt virus (TBV) They were able to screen 

entire temperature sensitive (ts) libraries of yeast to identify host factors needed for virus 

replication (124) that included enzymes for nucleotide metabolism, phospholipid and sterol 

synthesis, as well as protein chaperones, translation factors, cyclophilins, and RNA helicases 

each of which has a relevant mammalian homolog (125, 126).  Another screen revealed a set of 

host factors needed for recombination among viral genomes (125). Apart from plant viruses, 

animal viruses have also been shown to process in yeast. Host factors for replication of the 

influenza virus have been identified using yeast as a model system (127). Following this trend, 

viroids have also been shown to process in yeast. ASBVd was shown to process in yeast and the 

researchers were able to investigate some viroid degradation pathways using yeast mutants 

(128).  

 One of the first nonconventional hosts used for Pospiviroid studies in vivo studies was 

transgenic Arabidopsis thaliana (129). Daros et al. (64) were able to transform Arabidopsis with 
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a dimeric transcript and conduct a multitude of mutational studies to investigate processing 

intermediates. Using the same model system, Daros et al.  (93) conducted 5’ and 3’ RACE (rapid 

amplification of cDNA ends) to map viroid termini. Using Nicotiana benthamiana, Daros et al.  

(57) were able to show that a tRNA ligase is responsible for ligation of viroids of the 

Avsunviroidae family. Quickly following that research, the Daros lab was able to use a DNA 

Ligase I knockdown gene in Nicotiana benthamiana to indicate that DNA ligase I was the 

enzyme responsible for circularizing PSTVd (96). The cleavage enzyme (DCL4) of PSTVd was 

also identified in Nicotiana benthamiana knockdown plants (95). Lastly, eggplant has been used 

to study viroid turnover and decay. Interestingly, the study showed that eggplant tends to decay 

PSTVd to a higher extent compared to that of nicotiana or tomato (111).  

 With the sequencing of their genomes, some of the plant systems are catching up to yeast 

with respect to knockout or knockdown strains, but plants are still hugely limiting due to the 

availability and growth of plant knockout/knockdown strains. As discussed, entire libraries of ts 

mutants have been employed to study host factors for various plant viruses. A similar approach 

can be used for viroid study. To date, some of the proteins identified as being critical to viroid 

processing have homologs in yeast Table1.2. Not only is there a homolog, but also most of the 

homologous proteins have been well-studied RNA metabolism enzymes.  

Table 1.2:  Plant proteins and Their Yeast Homologs 

Plant Protein  Yeast Homolog (reference of study) 

tRNA Ligase  TRL/RLG (130-132) 

DNA Ligase I CDC9 (133, 134) 

DCL-4 RNT1-RNaseIII (135, 136) 
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Viroids and the RNA World 

 The “RNA world” is a hypothesis stating that RNA was the primordial molecule that 

started life on this planet. This hypothesis was initially postulated in the 1960’s and the proposal 

is somewhat implicit to the name of the hypothesis: If RNA had some functionality as a protein 

(RNA polymerase and nuclease capability), RNA could be the molecule that started start life 

(137). The discovery of ribozymes in the early 1980’s seemed to further strengthen the notion of 

a protein-less biological world (137, 138). Following this discovery, the term “RNA World” was 

first coined by Gilbert (51). Once ribozymes were discovered within ASBVd (48), suddenly, 

viroids became relevant members of the RNA World.  

  Following this, Diener suggested that viroids were more likely candidates than introns as 

being living fossils of the RNA world (52). Viroids have several characteristics that indicate that 

they are from an old origin.  These characteristics of viroids being: small genomes,  circular 

structure negating the need of genomic tags to complete replication, structural periodicities 

facilitating modular assembly, no protein coding capacity, and the presence of ribozymes (52, 

139). To summarize, it is generally accepted that the simplest is the oldest, and viroids have 

simple small genomes. Viroids are G+C rich and more thermodynamically stable compared to 

A+U. Circularity allows for replication without genomic tags or initiation start sites. Since 

viroids do not code for proteins, they came before ribosomes. Most importantly, viroids of the 

Avsunviroidae family contain ribozymes to complete their replication (139).  

 From a phylogenic standpoint, plastids derive from primitive cyanobacteria, which 

emerged before eukaryotic cells. These cyanobacteria could have hosted Avsunviroidae before 

plants emerged (139, 140). Recently, it was reported that ASVBd can process and maintain their 
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presence in cyanobacteria (141). Viroids are simple, small, adaptive, circular, RNAs that contain 

self-catalytic regions, and mutate at high rates (Figure 1.6).  

  

 

         

Figure 1.6: Mutation Rate vs. Genome Size of Viroids to Higher Eukaryotes (142) 

The study of Non-coding RNA and Its Link to Viroid Studies 

 Less than 2% of the human genome is known to code for proteins. Until recently, the 

other 98% of genome not coding for protein was considered by many to be “junk” (143). With 

the advent of deep RNA sequencing techniques and high throughput screening methods, tens of 

thousands of RNAs were recognized to originate from these non-coding region (144). Of the 

non-coding RNA found in the human genome, roughly 1% is circular (circRNA) (145). A well-

studied circular RNA important for human disease studies is the hepatitis delta virus (HDV). 
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This virus encodes for single protein and is a subviral satellite of hepatitis B virus (146). HDV 

also replicates via a rolling circle and recruits host DNA-dependent RNA polymerase to initiate 

replication similarly to how viroids transcribe within their host.  

 Viroids constitute a class of long non-coding RNA (lncRNA). In animals, lncRNA have 

been studied extensively due to their link to disease development through regulation of gene 

transcription (147). Regulation of gene transcription is also seen in viroids as part of the RNA 

silencing recruitment with viroid infection. Intriguingly, viroid replication suggests an 

amplification path for lncRNAs. 

 With advanced RNA-seq combined with computational approaches (148) larger numbers 

of  circRNAs are being discovered. The functionalities of these circRNA are still being 

elucidated. Cellular stress (149), cancer (150), Crohns disease (151), and Alzheimers disease 

(152).  have all been linked to circRNA and lncRNA.  Because of the importance of circRNA in 

human disease, model systems such as viroids are needed to drive research into structure-host 

mechanisms. Viroids are the best studied circRNAs ever discovered, and the nuances of viroid 

replication can bring insight into what these circular RNAs are doing in our bodies for cellular 

regulation and disease control. Viroids use deception to entice host RNA Pol II and DNA Ligase 

I into bringing about pathogenic replication. The mechanism of how viroids trick host machinery 

is not well understood, but deriving insights into the mechanism would be of great value for 

studying all circRNAs. There is a vast amount of circRNA in our own cells, however little is 

known about how this RNA functions. Are these RNAs malevolent like viroids, or cellular 

protectors, or both?  As non-coding RNA research advances, the answers to these questions will 

likely be uncovered.  
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Goals of Research 

The main goal of this thesis work was to use yeast as a model system to study PSTVd 

processing. From doing so, we wish to study the structural requirements for cleavage and ligation 

of PSTVd, but also derive insight into processing proteins responsible for cleavage, ligation and 

degradation in of PSTVd in yeast.  To accomplish this goal, the project consisted of three aims: 

1. Establish a PSTVd yeast expression system to study structural intermediates for PSTVd 

processing in vivo.  

2. Establish an in vitro processing system to study cleavage and ligation in a whole cell 

yeast extract system.  

3. Using the toolbox of yeast molecular biology, to investigate the processing proteins of 

PSTVd using knockout and ts mutants.  

 

 

 

 

 

 

 

 



33 
 

Chapter 2: Processing of Potato Spindle Tuber Viroid (PSTVd) 
RNAs in Yeast, a Nonconventional Host  

 

Abstract 

 Potato spindle tuber viroid (PSTVd) is a circular, single-stranded, noncoding RNA plant 

pathogen that is a useful model for the processing of noncoding RNA in eukaryotes. Infective 

PSTVd circles are replicated via an asymmetric rolling circle mechanism to form linear 

multimeric RNAs. An endonuclease cleaves these into monomers; a ligase seals these into 

mature circles. All eukaryotes may have such enzymes for processing noncoding RNA. As a 

test, we investigated the processing of four PSTVd RNA constructs in the yeast 

Saccharomyces cerevisiae. Of these, only one form, the construct that adopts a previously 

described tetraloop-containing conformation (TL), produces circles.  TL has 16 nucleotides 

of the 3’ end duplicated at the 5’ end and a 3’ end produced by self-cleavage of a delta 

ribozyme. The other three constructs, an exact monomer flanked by ribozymes, a trihelix-

forming RNA with requisite 5’ and 3’ duplications, and a tandem dimer, do not produce 

circles.  The TL circles contain non-native nucleotides resulting from the 3'-end created by 

the ribozyme and the 5'-end from an endolytic cleavage by yeast at a site distinct from where 

potato enzymes cut these RNAs.  RNAs from all four transcripts are cleaved in places not on 

path for circle formation, and are likely RNA decay. We propose that these constructs fold 

into distinct RNA structures that interact differently with host cell RNA metabolism 

enzymes, resulting in varying susceptibility to degradation versus processing.  We conclude 

that PSTVd RNA is opportunistic and may use different processing pathways in different 

hosts. 
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Introduction 

Viroids are subviral, circular, single-stranded RNA replicons that infect many different species 

of plants. They are small in size (240-600 nt), lack a protein coat, are highly structured and there 

is no evidence of any viroid translation product (5, 153-155). Due to this lack in a translation 

product, viroid replication and pathogenesis depends on the RNA itself, host factors, and host 

enzymatic machinery (156). Additionally, viroids have high rates of in vivo mutation compared to 

other nucleic acid based pathogens (157, 158). These attributes make viroids enticing models to 

study RNA structure-function relationships.  

The 34 known viroid species are categorized in two families: Pospiviroidae and Avsunviroidae. 

Members of the Avsunviroidae family exist as (-) and (+) strand RNAs in infected tissue. They 

replicate via symmetric rolling circles in chloroplasts using the nuclear encoded polymerase (NEP) 

(159, 160). Production of monomeric linear RNAs relies on self-cleavage by hammerhead 

ribozymes encoded in the (+) and (-) viroid RNAs. A host ligase is presumed to circularize the 

viroids (161-164).  

The replication of viroids within the Pospiviroidae family differs from viroids of the 

Avsunviroidae family in several main aspects: 1. their plus-strand dominates the cells; 2. they are 

replicated through an asymmetric rolling circle mechanism in the nucleus, using host RNA 

Polymerase II (Pol II); and 3. they do not contain a ribozyme sequence for self-cleavage (1, 75, 

78, 165, 166) and therefore rely on a host nuclease. Specifically, plus-circular RNAs enter the 

nucleus and are transcribed by Pol II into linear minus-strand multimeric RNA, serving as 

templates for Pol II to create the plus-strand multimeric linear RNAs. The plus-strand multimers 

are then cleaved and ligated into plus-viroid circles (79, 167, 168).  
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Potato spindle tuber viroid (PSTVd), the representative viroid of the Pospiviroidae family, 

adopts an unbranched, highly base paired rod-like conformation (169) that has five domains: 

terminal left, pathogenicity modulating, central conserved region (CCR), variable, and terminal 

right (170). The CCR is a region of high homology among member of the Pospiviroidae family, 

and it was found that linear RNA transcripts with short terminal duplications (8-11 nucleotides) in 

this region were highly infectious (81-85, 171). Thermal denaturation studies indicated that the 

native secondary structure of PSTVd is disrupted upon exiting Pol II and the CCR folds into a 

stable hairpin called HP1, this hairpin may be involved in the processing of oligomeric plus-

PSTVd to mature circles (172). Diener (86) proposed that two HP1 motifs can align oligomers into 

a position for cleavage/ligation by forming a thermodynamically stable, highly base paired 

structure termed the “trihelix” (Figure 1C, green, red, and blue) (173-175) . In addition, it was 

shown that PSTVd RNAs that contain CCR duplications can fold into a number of metastable 

conformations (88, 176). 

Multiple structural studies soon followed to elucidate the exact structural elements required for 

viroid processing. Using transcript processing in potato nuclear extracts, a PSTVd RNA containing 

a 17 nt duplication of the CCR was found that converts into wild-type circles. Processing required 

that this transcript adopt one specific fold of the four possible secondary structures. Access to each 

secondary structure was controlled by temperature, ionic strength, and structure-directing 

complementary RNA oligonucleotides. Interestingly, one structure had the trihelix, which 

encompasses the proposed cleavage site (Figure 1 C), but it did not process into a mature viroid 

circle (88). The only structure to get cleaved and ligated was the “extended middle” structure. 

Additional work using UV crosslinking, chemical mapping, temperature gradient gel 

electrophoresis (TGGE), and thermodynamic calculations showed that the CCR of the “extended 
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middle” structure folds into a GNRA tetraloop (Figure 1B). After cleavage, the tetraloop region 

switches into the extended rod conformation containing a loop E motif that dictates ligation (63, 

89).  

Contrary to the tetraloop model, an in vivo study by Gas et al. in transgenic Arabidopsis 

thaliana suggested that cleavage is controlled by the trihelix structure (64). They proposed that 

kissing loop interactions by HP1 structures in sequential arrangement on a dimeric RNA or on 

different monomers initiate the formation of the trihelix. Specifically, they introduced mutations 

in citrus exocortis viroid (Pospiviroidae family) that are expected to abolish the formation of the 

GNRA tetraloop. These mutations had no adverse effect on cleavage. They also observe that not 

all members of the Pospiviroidae family are capable of forming GNRA tetraloop motifs within the 

CCR. All these factors led them to conclude that the trihelix is the substrate for cleavage in vivo in 

all members of the Pospiviroidae family (168). Both the trihelix and tetraloop model postulate that 

formation of a loop E motif promotes ligation in Pospiviroids.  

The structural debate is further complicated by results from additional experiments on 

members of the Pospiviroidae family whose CCR may adopt an alternate form of the tetraloop. 

Thus, multiple options exist by which the CCR rearranges to allow cleavage and ligation(91). 

Lastly, work using PSTVd infected Nicotiana benthamiana showed that mutations that disrupt 

HP1, the sequence that forms the trihelix, have a strong effect on viroid trafficking, but little effect 

on replication (62, 177).  

To further understand the structural requirements for PSTVd processing, we used the 

nonconventional-host Saccharomyces cerevisiae as a model system that has become a convenient 

molecular biological tool (112, 178) to study RNA processing and replication in vivo. Specifically, 

yeast contains the cellular machinery to replicate several plus-strand RNA viruses(179, 180), and 
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recently was shown to support replication of avocado sunblotch viroid (ASVd, Avsunviroidae 

family) (128). Here we report that PSTVd RNAs under the control of a galactose regulated 

expression vector can effectively be processed. This system allows us to investigate the structural 

requirements for viroid cleavage and ligation in yeast. In addition to a dimeric PSTVd RNA analog 

to the CEVd dimer used by Gas et al., we created DNA constructs that produce three RNA 

transcripts of exact or slightly larger than monomeric length designed to preferably adopt 1) an 

exact monomer with an unbranched rod-like structure, 2) the extended CCR that forms a tetraloop-

containing conformation (TL), and 3) a complete duplication of the UCCR that folds into the 

trihelix (triH). When these were tested for processing in vivo, the only construct that cleaved and 

ligated into mature circular progeny was the TL-forming construct. Consistent with 

thermodynamic data, these subtle changes in the extent of duplication have a strong effect on the 

processing of these RNA. In this yeast system, only the tetraloop-containing construct is processed 

to circles; the other constructs fold into structures that are not efficiently recognized by the 

processing enzymes and instead are targeted for degradation. The evidence of PSTVd processing 

in a non-plant system is further testament to viroids utilizing fundamental RNA biology that all 

organisms share. 

 

Materials and Methods  

Yeast strains, cell growth and transformation.  The yeast strain YPH500 (MATα URA3-52 

LYS2-801 ADE2-101 TRP1-Δ63 HIS3-Δ LEU2-Δ1) was used throughout the study. Yeast 

cultures were grown at 30˚C in synthetic media containing either 2% glucose or 2% galactose for 

suppression or stimulation of the promoter. Tryptophan was not added to the media for plasmid 
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maintenance. Transformations were carried out using the Frozen-EZ yeast transformation II kit 

from Zymo Research (T2001). A RAT1 mutant strain was also used in this study. The plasmid 

for creation of the RAT1-107 allele (A661E) was a gift from Dr. Eric Phizicky (181). The RAT1-

107 gene along with a URA3 fragment of plasmid pIC115 was digested with AatII and BamHI, 

run on an agarose gel and excised. The excised fragment was transformed into YPH500.  

Colonies that grew on uracil drop out medium were screened for RAT1-107 by PCR and 

confirmed by sequencing (Supplemental Table 1 and Appendix) 

Oligonucleotides and plasmids for yeast in vivo expression and in vitro transcripts.  

 Oligonucleotides were obtained from Invitrogen and are listed in Supplemental Table 1.  

Each yeast construct has a plasmid used to make a PCR template for in vitro transcripts (IVTs) 

and a plasmid for expression of the PSTVd RNA in yeast. Plasmids are listed in Supplemental 

Table 2.  Plasmid TBO110 contains the TL PSTVd construct and has been described previously 

(88).  Plasmids pTBO112 and p15-14 were made in the same manner except that they contain the 

triH and dimer PSTVd sequences shown in Figure 1C.  IVT PSTVd RNAs and probes for 

northern blots were made by PCR amplifying templates using primers and plasmids indicated in 

Supplemental Table 3. The template for RNA TBO_triH was cut with EcoRI prior to T7 

transcription.   

The PSTVd yeast expression constructs were all cloned into the yeast /E. coli shuttle plasmid 

pB3RQ39 (TRP1, CEN4, GAL1 promoter), which expresses Brome mosaic virus (BMV) RNA 

(182). The BMV sequence was excised using restriction enzymes SnaB1 and PshA1 and 

replaced with PSTVd sequences such each sequence is under control of the GAL1 promoter and 

followed by the hepatitis delta ribozyme.  This allows galactose to induce the RNA; ribozyme 

cleavage creates a precise 3’ end after the PSTVd sequence (180). Insertion of the tetraloop 
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sequence from pTB110 (36), the trihelix sequence from pTB112, and the tandem dimer sequence 

from p15-14 gave pTBO_TL, pTBO_triH, and pTBO_DIM respectively. For the monomer, the 

exact 95/96 opened monomer flanked by the 5’ hammerhead ribozyme and a 3’ hairpin ribozyme 

was subcloned from pCR2.1-TOPO.4 (167) into pB3RQ39 so as to replace both BMV and delta 

ribozyme.  

RNA extraction 

   Yeast containing the appropriate plasmid was grown in the selective media to an OD of 

0.6-1.0. Total RNA was extracted from 10 OD /mL of cells using the hot phenol extraction 

method (183) 

Reverse transcription PCR for detection of plus-PSTVd and PSTVd circles.  

 One microgram aliquots of total RNAs were treated with DNase I (Invitrogen). The RNA 

was then phenol chloroform extracted and ethanol precipitated. 3 ng of DNase-treated total RNA 

was subject to reverse transcription (Invitrogen superscript III) using 20 pmol of the primer 259R 

in 10 μl (Table 1). One tenth of this product was used for PCR amplification. The amplifications 

were carried out in 12.5 μl of 2x Go Taq (Promega) with 25 pmol of the following primers: 

259R/112F for plus-PSTVd and 259R/2F for circles. The following program was run on an 

Eppendorf thermocycler: 5 mins at 95˚C, 30 cycles of 30s at 95˚C, 40 s at 64˚C, 60s at 72˚C 

followed by 5 mins at 72˚C and a 4˚C hold. Amplification products were separated on a 5% 

polyacrylamide(PAA)-8M urea gel and visualized by silver staining (184). 
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Gel purification of linear and circular PSTVd.   

 A total of 5 µg RNA was run on a 5% denaturing PAA along with RNA from infected 

tomato to provide migration markers for linear and circular plus-PSTVd RNA. RNAs 

corresponding to linear and circular molecules were cut out from the gel, the RNAs were eluted 

by soaking the excised band in gel elution buffer (500 mM Tris-HCl, pH 7.0, 0.1 mM EDTA, 1 

mM MgCl2, 0.1% SDS). The samples were then frozen, thawed and incubated with shaking 

overnight at 4C. The supernatant was then removed and another aliquot of gel elution buffer was 

added and allowed to shake for 2 hours. The combined supernatants were phenol-chloroform 

extracted and then precipitated by ethanol. The gel extracted RNAs were then subject to RT-PCR 

for detection of plus-PSTVd and PSTVd circles. After 5% PAA gel detection and confirmation, 

the RT-PCR products were cleaned using the Promega PCR clean up kit. The resulting DNA was 

sent to the Yale Sequencing Center for final sequencing. The primers used for sequencing of the 

ligation junction were 2F and 259R (Supplemental Table 1).  

RNA detection by northern blotting.   

 Total RNAs (5 μg) were separated on a 5% PAA-8M urea gel and were semi-dry 

electroblotted to a Hybond N+ membrane (GE Healthcare). The membranes were incubated in 

UltraHyb solution (Ambion) overnight at 65ᵒC with the appropriate riboprobe and washed with 

2x SSC (1x SSC is 0.15M NaCl + 0.015M sodium citrate) and 0.1% SDS. Four 65ᵒC washes 

were performed (2x 10 minutes and 2x20 minutes). The membranes were imaged using 

phosphorimager screens measured with a Storm 840 Phosphorimager (GE Healthcare). IVT 

PSTVd controls and riboprobes for detection of PSTVd, actin, and SCR1 (185) were generated 

as described in Supplemental Table 3. Radioactive labeling used [α-32 P] UTP or [α-32 P] CTP 

(PerkinElmer).  
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Manganese chloride treatment of total yeast RNA to enrich small RNAs.   

 For enrichment of viroid linear intermediates, total RNAs from yeast were treated with 

MnCl2 according to Semancik and Szychowski (186). RNA solutions (100ng/µl) were treated 

with 50mM MnCl2 in 0.1XTE. After incubation at 4ᵒC, the solution was centrifuged at 15K rcf 

for 5 minutes. The supernatant containing the small RNA fraction was then ethanol precipitated.  

Primer extension.   

 Oligonucleotide M1BR (Supplemental Table 1) binds PSTVd (+) strand positions 150-

133. The primer was 5'-end-labeled with [γ-32 P] ATP using T4 polynucleotide kinase 

(Invitrogen). Approximately 10 6 cpm of this primer was annealed to 25 μg of total RNA from 

yeast, 12.5 μg of manganese treated RNA from yeast, and to 0.5pmol of viroid in vitro transcript. 

The extension was conducted using 100 units of reverse transcriptase (Superscript III) kit, 

Invitrogen). After extension for 90 minutes at 52ᵒC, the reaction was stopped and the products 

were ethanol precipitated. A DNA sequencing ladder was generated using primer M1BR and 

PCR fragment encompassing the PSTVd sequence from the plasmid harboring the trihelix 

sequence. The ladder was formed using Sequitherm cycle sequencing kit (Epicentre 

Technologies). The products from the primer extension and the ladder were separated on 8% 

(19:1) PAA, 8M urea sequencing gels.  

 

Results 

Proper cleavage of a longer-than-unit length viroid RNA in plants depends upon the length 

and border sequence of the duplications around the monomer(63, 64, 88, 89). Furthermore, 

efficient ligation requires compatibility of the ends generated by the RNA endonuclease and the 
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ligase that joins them (111, 187) and a structural context that puts the ends in close proximity and 

paired with complementary RNA. 

We created four PSTVd RNA constructs representing the major conformations recognized in 

previous studies:  1) an exact monomer (mon), which should ligate to form the mature rod-like 

RNA (Figure 1A); 2) a monomer with duplications (tetraloop TL) containing a 3’ 17 nt 

duplication in the upper central conserved region (UCCR), which should fold into the metastable 

tetraloop (Figure 1B); 3) a trihelix (triH) with the full 30-nucleotide UCCR duplication (i.e. the 

TL 5’ end and 13 more nucleotides added to the 3’ end), which is the sequence required for 

adopting the complete trihelix structure (Figure 1C); and 4) a full PSTVd dimer (Figure1C), 

corresponding to the CEVd construct utilized in the experiments by Gas et al. (64). This dimer 

has the potential to form the trihelix, among other stable and metastable conformations.  
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Figure 2.1: In vivo constructs and corresponding structural motifs used to express PSTVd 
in yeast.  

In vivo constructs and corresponding structural motifs used to express PSTVd in yeast. The left 
and right arms of PSTVd are indicated schematically, while the nucleotides of the CCR upper 
and lower strands are given explicitly. Nucleotides shown in green (80-87, red (90-99), and blue 
(102-110) comprise the upper CCR (UCCR), which is duplicated to different extents in each 
construct. The lower CCR (LCCR) nucleotides are shown in black. (A) Monomer construct. The 
construct is flanked by a 5’ hammerhead (HH) and a 3’ hairpin (HP) ribozymes, which cleave at 
the curved arrows. Upon ligation, the construct should fold into the wild-type extended rod 
containing a loop E motif. (B) The GNRA tetraloop (TL) construct. 3’-Duplication of the UCCR 
nucleotides 80-96 (green) allows formation of a metastable structure in which nucleotides 93-106 
form a stem capped by the tetraloop; this stem contains the 95/96 processing cleavage site 
(arrowhead). This construct contains a 3’ delta ribozyme (). (C) The trihelix-forming 
monomeric (triH) and dimer constructs. The triH RNA has the same 5’-end as the TL; its 3’ end 
duplicates nucleotides 80-110 (green, red, blue). The two complete copies of the UCCR 
hybridize to form the trihelix (top), which has two potential 95/96 cleavage sites (arrowheads). 
The dimer construct (bottom) contains two complete copies of the viroid arranged as a monomer 
flanked by duplications on each side, i.e. nucleotides 42-79 on the 5’ end and nucleotides 1111 
(through 359/1) to 46 on the 3’ end. The duplications enable the complete trihelical element to 
form in the trihelix; the pink lines on the trihelix structure indicate the flanking duplications. 

 

Construction of PSTVd-Yeast Expression Systems 

 These PSTVd sequences were cloned into a yeast expression vector under the control the 

GAL1 promoter and transformed into yeast strain YPH500 for growth and expression under 

galactose induction. All four RNAs will be transcribed by RNA pol II and are expected to be 5’ 

capped. The plasmid for transcription of the PSTVd monomer has a DNA cassette containing the 

359 viroid nucleotides flanked by sequences for the hammerhead and hairpin ribozymes at the5' 

and 3' ends respectively. The resulting PSTVd monomer starts at base 96 and continues via bases 

359/1 to base 95, the same as the RNA that is ligated into a circle in plants (Fig. 1A). The three 

other constructs (dimer, TL, and triH) contain a single ribozyme, delta ribozyme 3’ to the viroid 

sequences. These three constructs have duplications at the 5’-(pre nt 96) and 3’-ends (post nt 95) 
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as described above and in Figure 1. All ribozymes self-cleave to generate 5'-hydroxyl (monomer 

only) and 2'-3'-cyclic phosphate termini. 

Reverse Transcription PCR indicates expression and PSTVd processing 

 RT-PCR was employed to confirm the expression of plus-strand viroid-specific RNA in 

total RNA preparations from these cells and to detect the possible presence of PSTVd circles that 

would result from processing linear precursors. This RT-PCR scheme is shown in Figure 2. The 

inward primer set, 112F and 259R (see Figure 1 for numbering), should always yield a PCR 

product of 148bp as long as there is plus-sense PSTVd RNA present with an intact right half. 

RNAs transcribed from all four constructs will be templates for synthesis of this fragment. The 

outward primer set, 2F and 259R, will only yield an amplification product when ligation unites 

the two halves of the UCCR or when they are already sequential in a dimer or higher multimer. 

Thus, only circular RNA products and the dimer RNA will give rise to a 240 bp DNA fragment 

with the outward primers. 
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Figure 2.2: Transcription of constructs in yeast and corresponding ligation-monitoring RT-
PCR scheme.  

Transcription of constructs in yeast and corresponding ligation-monitoring RT-PCR scheme. 
Once transformed into yeast, galactose induces the transcription of the PSTVd RNA. Upon 
induction and transcription, the RNA will fold into the structures seen in Figure 1 for processing 
and ligation within the UCCR; the example shown here is the exact monomer transcript open at 
the 95/96 site. For analysis, the RNA is extracted, reverse transcribed and then PCR amplified 
using primers 112F and 259R (inward) to screen for all (+) PSTVd or primers 2F and 259R 
(outward) across the UCCR region specifically for processed circles. The grey dashed box 
represents the hammerhead ribozyme, which undergoes self-cleavage in the monomer construct. 
All constructs contain a 3’ ribozyme; only the exact monomer construct contains the 5’ 
ribozyme;  

 

Figure 3 provides the results for the RT-PCR detection of plus-PSTVd expression in yeast. 

YPH500 containing the TL (+), triH (+), and mon (+) cassettes showed galactose-induced 

transcription as evidenced by the presence of the expected 148bp product from the inward primer 

set (Figure 3A, lanes 8, 10, 12). To our surprise, in contrast to the in vitro dimer transcript (lane 



47 
 

14), total RNA from YPH500 transformed with the dimer construct did not yield a 148 bp RT-

PCR product (lane 6), raising the question whether this was an indication of possible problems 

with the DNA plasmid, pol II transcription of the cassette, or transcript stability for this 

particular construct. The integrity of the dimer expression cassette was confirmed through PCR 

and restriction digestion, and this is also the plasmid that was PCR-amplified to generate the T7 

template for the dimer IVT. These results rule out a faulty expression plasmid as the reason for a 

lack of full-length dimer RNA detection. 
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Figure 2.3: Detection of plus-PSTVd and PSTVd circles from total RNA of induced yeast 
using RT-PCR.  

Detection of (+) PSTVd and PSTVd circles in total RNA from induced yeast using RT-PCR. (A) 
RT-PCR with inward primer set 112F/259R reveals that all PSTVd RNAs tested produce a 148 
bp DNA fragment. Lanes are: (2) empty yeast strain, (3) PSTVd-infected tomato, (4) healthy 
tomato, (5-12) RNA from the yeast strain YPH500 transformed with plasmids containing the 
PSTVd constructs listed in Figure 1. Positive controls were in vitro transcripts of PSTVd 
monomer (13) and dimer (14). Lane 15 is a transcript-free RT-PCR control. RNAs were 
extracted from yeast grown in inducing galactose media (+) and non-inducing dextrose media (–
). The molecular weight marker is a 50 bp DNA ladder. (B) RT-PCR with outward primer set 
2F/259R reveals the presence of circular PSTVd RNA as a 240bp (tomato, *) or 248 bp (yeast, 
‡) DNA duplex. The lane order is the same as (A) with the exception of the infected and healthy 
tomato samples. The different migration behavior of the marker bands in lanes 1 and 16 is due to 
an electrophoretic ‘smile’. 
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Circle/multimer detection using the outward primer set gave rise to the expected 240 bp band 

for the infected tomato (Figure 3B, lane 4) and the dimer in vitro transcript (lane 14) controls. Of 

the four constructs, only TL (lane 8) yielded a similar band. This band migrates slightly slower, 

indicating a size slightly larger than 240 bp. Importantly, expression of the triH construct did not 

direct the formation of a 240 bp fragment in this assay (lane 10), even though the inward primer 

pair demonstrated strong expression of the precursor plus-strand triH RNA (Figure 3A, lane 10). 

The lack of a 240 bp band from the in vivo dimer construct is consistent with the lack of a 148bp 

band for detection of plus-PSTVd (Figure 3A/B lanes 6). 

Northern Blot detection of PSTVd primary transcripts, degradation products and circles 

 Expression of TL (+), triH (+), and mon (+) was confirmed by northern blotting (Figure 

4). Total RNA isolated from yeast containing the expression plasmids and grown under inducing 

(+) or non-inducing (–) conditions was separated by electrophoresis, transferred to a membrane, 

and probed using a radiolabeled minus-sense full-length viroid RNA. As expected, PSTVd-

derived RNA species for all four constructs could only be detected after induction (lanes 5, 7, 9, 

11). RNA from PSTVd-infected tomato provided both linear and circular migration standards 

(lanes 1, 2, 15). The monomer in vitro transcript (lane 12) shows four bands. From top to bottom 

these are: the primary transcript with both ribozymes still attached (547 nt), two intermediate 

products in which either only the hairpin or the hammerhead ribozyme have cleaved (482 and 

424 nt, respectively), and the proper monomer released by cleavage of both ribozymes (359 nt). 

The corresponding double-ribozyme in vivo construct only yielded a weak monomer band, 

indicating low efficiency cleavage of the two ribozymes (lane 11). The most prominent RNA 

band in this lane results from cleavage by the hammerhead, but not the hairpin ribozyme 
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cleavage. Both TL and triH RNA in vivo constructs displayed an RNA band in the range of linear 

molecules slightly larger than the unit length linear molecule (lanes 7, 9; marked by red 

arrowheads), in good agreement with the expected size with the UCCR duplication and matching 

the size of the in vitro transcript (lane 13). Multiple repeats of this northern blotting assay 

displayed clearly and consistently that the TL had the highest level of RNA accumulation in vivo 

of all constructs tested. The dimer construct did not yield a detectable band in the dimeric RNA 

range established by the in vitro transcript (lanes 5, 14 red arrow) in our northern blot analysis. 

However, induction did produce a viroid specific RNA in vivo (lane 5, open arrow head) similar 

in size to the monomer-hammerhead-ribozyme fusion, and a little larger than the TL and triH 

RNAs expressed in vivo, but significantly smaller than the dimer in vitro transcript control (lane 

14), whose band migrates just below the viroid circles (lane 16). The identity of this band is 

uncertain. The RT-PCR results indicate it cannot contain continuous RNA between the inward 

primer set binding sites. In both the TL (+) and triH (+), there are signs of smaller RNAs below 

the primary transcript. For example, the TL construct consistently yields at least one shorter 

RNA species (lane 7, open arrowheads) that closely migrates with exact linear monomeric RNA 

(lanes 2, 12, 15). Numerous northern blots indicate this band is slightly smaller than an exact 

linear monomer. 
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Figure 2.4: Northern blot analysis of total RNA from PSTVd infected yeast.  

Total RNAs from healthy tomato (lane 1) infected tomato (lane 2), empty YPH500 (lane 3) and 
YPH500 transformed with the constructs as indicated (lanes 4-11) were separated on a 5% PAA 
and blotted onto positively charged nylon. Induction conditions are represented by dextrose (–) 
and galactose (+). In vitro transcripts corresponding to mon, TL, and dimer were used as positive 
loading controls (12-14). The ribozymes of the monomer IVT (lane 12, see Figure 1A) did not 
cleave to completion, resulting in four bands: HH-PSTVd-HP (547 nt, yellow asterisk), PSTVd-
HP (482 nt, green asterisk), HH-PSTVd (424 nt, blue asterisk), and linear PSTVd (359nt, red 
asterisk). The blot was probed with an α32P- (–) PSTVd transcript. Linear and circular PSTVd 
are marked. For a loading control, the yeast actin gene (1537 nt) was probed in a second 
hybridization. Actin migrates above circular PSTVd. Red arrows indicate primary transcripts 
from the in vitro transcripts prior to any yeast cleavage/ligation events (in vivo). The open circle 
denotes circular products resulting from processing of the TL construct in vivo (lane 7). 
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Gel Extraction of linear and circular PSTVd followed by RT-PCR and sequencing  

 In the previous experiments, northern blots and RT-PCR amplifications were performed 

on separate RNA preparations. Figure 5 directly confirms that the circles observed in northern 

blots are responsible for the 240 bp RT product amplified across the circle junction. Total RNA 

from induced and uninduced cells containing plasmids with the TL or triH expression cassettes 

were separated on a 5% PAA denaturing gel in duplicate. One duplicate was subjected to 

northern blotting using minus-PSTVd RNA as probe (Figure 5A). The other was stained with 

ethidium bromide, enabling gel regions corresponding to standard linear and circular RNA 

species from infected tomato to be cut out (5A dashed lines). RNA extracted from these bands 

was used as substrate for RT-PCR; each sample was tested with both inward and outward facing 

primer pairs.  

The results are presented in Figure 5A. As before, the northern blot showed linear longer-

than-unit-length RNAs in both the induced TL and triH samples. A band co-migrating with 

PSTVd circular RNA from infected tomato is only seen in the induced TL lane (Figure 5A, lane 

3) and not in the triH-induced lane (lane 4). RT-PCR analysis with the inward primer set gave 

rise to the 148 bp band from RNA extracted from both the TL and triH RNA linear regions, as 

expected. Importantly, outward RT-PCR with RNA extracted from the area of expected circular 

species only resulted in a 240-bp-like product for the TL RNA (Fig. 5B, lane 10, double dagger) 

and positive controls, not for the triH (lane 11).  

The DNA product obtained through RT-PCR analyzed in Figure 5B, lane 10, was sequenced 

using the primers for outward PCR to confirm circularization of the RNA template. 

Unexpectedly, this revealed that eight additional nucleotides had been inserted at the ligation 

junction, corresponding to a 4 nt duplication of PSTVd sequence (nt 93-96) and four vector-
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derived nucleotides (acau) located directly upstream 5' of the delta ribozyme cleavage site 

(Figure 5C). This same sequence was observed in three independent analyses of yeast circular 

RNAs. The sequence of events best able to explain this outcome is a yeast endonuclease-driven 

cleavage of the 5’ end between nucleotides 92 and 93, and a 3’-cleavage at the expected location 

upstream of the delta ribozyme, followed by ligation of the two heterogeneous ends, as described 

in more detail in the Discussion.   

Based on this model, we would expect to find a linear 367-nt RNA with nucleotide 93 at its 

5’ end. Other longer intermediates could be possible. The northern blots, e.g. Figure 4, lanes 5, 7, 

and 9 and Figure 5A, lanes 3 and 5, show possible candidate bands (open arrowheads) for TL, 

TriH, and dimer constructs expressed in vivo. These putative intermediates do not appear on 

every blot. However, in every case where we have seen them and mapped their size, they were 

not consistent with an exact monomer, with or without the eight-base insert indicated by the 

circle sequence. Only the dimer produces an extra band longer that 359 nt.  



54 
 

 



55 
 

 

Figure 2.5: RT-PCR of gel excised linear and circular PSTVd, northern blot confirmation 
and sequence data.  

A denaturing 5% polyacrylamide gel with duplication of five lanes was run and cut in half. (A) 
The left half was used for a northern blot. Lane 1 is a positive control of infected tomato, lanes 2-
3 are yeast total RNA from the TL construct, and lanes 4-5 are yeast total RNA from the triH 
construct. Red arrows indicate primary transcripts, open arrows indicate cleavage products of 
viroid RNA, and circles designate circular PSTVd products. (B) Regions indicated by the 
scissors and dashed boxes in (A) were excised from the right half of the gel; the RNA was 
extracted and used as templates for RT-PCR. Lanes 2-6 use the inward primer set 112F/259R to 
reveal plus-PSTVd. Lanes 8-12 use the outward primer set 2F/259R to reveal circular PSTVd 
RNA. Lanes 2,6,8, and 12, are positive controls from RT-PCR of RNAs that were not gel 
extracted; lanes 3/9 use gel-extracted linear/circular RNA from infected tomato. The template 
RNA for lanes 4 /10 and lanes 5/11 were the extracted linear/ circular bands from induced TL 
and triH RNA. (C) Sequence results of gel extracted circle from TL in yeast. The lowercase 
letters represent non-viroid vector sequence and the bars indicate duplications of viroid 
sequence.  

 

Mapping of 5’ cleavage sites by primer extension  

   Primer extension is a more precise method for mapping 5’ ends of linear RNA 

molecules. Initial experiments could not even reproducibly detect the primary transcript in 

different total RNA preparations, prompting us to search for ways to enrich and possibly 

stabilize the transcript and its processing intermediates. Two different approaches were explored. 

For the first, Semancik and Szychowski (186) have shown PSTVd RNA can be enriched using 

50 mM Mn2+. This precipitates single-stranded RNAs greater than ~300 nt, but does not 

precipitate PSTVd RNA. For the second, knocking down RNases in vivo might stabilize 

intermediates. RAT1 is an essential nuclear 5' to 3' exoribonuclease. Cells with a nonlethal allele, 

RAT1-107, display reduced RNA degradation (181). Levels of linear transcripts from our various 

PSTVd cassettes, as well as circles from the TL construct, were elevated in a strain with this 

allele (Supplemental Figure 1). With the combination of Mn2+ precipitation and the RAT1-107 
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mutation in YPH500, primary and putative processed RNAs were reproducibly observed in 

primer extensions. Figure 6 presents an autoradiogram of a primer extension with a major band 

at the -3 position (black arrow) when the TL construct is induced (lane 7, solid arrow), indicating 

the transcription start within the GAL1 promoter. The triH construct should produce the same 

band, as its 5' end is equivalent to that of the TL construct; yet, this band was not detected, 

despite the use of both RAT1-107 and Mn2+ precipitation (lane 5). This result was in agreement 

with the northern blots where the TL construct always produced more primary transcript than the 

triH.  

The TL primary transcript does show processing of the primary transcript, with major bands 

at positions 110 and 106, and a minor band at position 91. None of these is consistent with the 

circle sequence, which indicates cleavage at position 92/93, or with the cleavage at 95/96 seen in 

plants(64, 89). If the 3’ end of the RNAs with cleavage after 106 or 110 were the expected 

cleavage site of the delta ribozyme, these bands would be consistent with the near monomer-

sized bands that appear with TL and triH primary constructs (Figure 5A, lanes 3 and 5). Possible 

processed bands were also seen in the Mn2+-precipitated RNA from the trihelix construct. These 

are lighter, more numerous, and at positions distinct from those seen for the TL RNA (Figure 6, 

lane5, vertical bars). These lanes should be compared to the control (lane 3) with YPH500 RAT1-

107 strain Mn2+-precipitated RNA without plasmid. The band seen in northern blots of RNA 

from the dimer construct (Figure 4, lane 5, open arrow) is also relevant to this section. All of 

these shorter-than-primary-transcript bands could arise from multiple 5’ ends created during the 

degradation or other processing of the triH transcript. This indicates that all of our primary 

transcripts face degradation in yeast and that any change in sequence, full duplication or the 

addition of just a few bases, changes the degradation pattern significantly. 
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Figure 2.6: Determination of RNA 5’-ends for viroid species detectable in vivo.  

Total RNA was prepared from a yeast RAT1-107 mutant expressing PSTVd TL and triH 
constructs. Untreated (25 µg) and MnCl2-treated RNA (12.5 µg) were then analyzed by primer 
extension. In vitro transcripts (0.5 pmol) of TL and triH (1 and 8) were used as controls. The 5’ 
ends of both in vitro transcripts are identical and transcription starts at position G80. Lanes 2 and 
3 are plasmid-free strains of the RAT1-107 mutant without and with MnCl2 treatment. Lanes 4 
and 5 contain RNA from triH transformed RAT1-107 without and with MnCl2 treatment. Lanes 
6 and 7 contain TL transformed RAT1-107 without and with MnCl2 treatment. Position -2C (red 
arrow) marks the yeast transcription start sites in constructs harboring a GAL1 promoter. 
Position G80 marks the first PSTVd base. Open arrows indicate additional 5’ ends/degradation 
products detectable in the MnCl2-enriched TL RNA (lane 7). The bars in lane 5 indicate the high 
level of additional 5’ ends/degradation products seen in the triH variant compared to the TL 
variant. 
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Discussion 

Viroid replication initiates with rolling circle replication on a plus-RNA utilizing a host 

RNA-directed RNA polymerase that generates a multimeric minus-RNA. Avsunviroidae process 

this strand directly; Pospiviroidae copy this strand to a multimeric plus-RNA before processing. 

For processing, an endonuclease produces monomers, which are then ligated into mature RNA 

circles. In Avsunviroidae, the endonuclease activity is provided by ribozymes encoded by both 

the plus- and minus-RNAs. However, Pospiviroidae rely on a host endonuclease. It has been 

speculated that viroids may have originated in the RNA world (188). If so, the RNA replicating 

and maturing activities should have been present in the last universal common ancestor of all 

life, and cells in all kingdoms of life would be expected to support viroid replication. Currently, 

viroids are only known to occur natively in plants, while a close relative, hepatitis delta, a 

satellite RNA to hepatitis B virus, is found in animals. Viroid replication has been introduced 

into non-host plants such as Nicothiana and Arabidopsis (167, 189) through adaptive changes or 

transgenic constructs. Beyond plants, the Maurel and Torchet labs have recently shown that 

ASBVd can be propagated in the nonconventional hosts S. cerevisiae or cyanobacterium Nostoc, 

supporting the notion that both eukaryotes and bacteria support viroid replication (128, 141). 

Here, we investigate the processing of RNA polymerase II transcripts containing PSTVd in 

yeast. Such a system opens the toolbox of yeast molecular biology to study the processing 

pathway, possible structural requirements to the formation of intermediates and end products, as 

well as the enzymes involved. 

In contrast to the work published on ASBVd in yeast, the challenges at the outset of this 

work were two-fold: First, for PSTVd as a member of the Pospiviroidae, in addition to pol II, we 

also have to assume that a yeast endonuclease instead of the viroid-encoded ribozyme in 
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Avsunviroidae is available to cleave RNA multimers to monomers that can be circularized by a 

suitable yeast ligase. Second, in order to address the question of whether there are structural 

requirements for processing in yeast as there appear to be in host and non-host plants, we needed 

to design constructs that would fold into distinct RNA conformations in vivo. From prior work 

involving TGGE analysis of in vitro transcripts, it was clear that both small differences in the 

number of nucleotides duplicated between the 5- and 3’-end of larger-than-unit length PSTVd as 

well as the rate of folding have a large influence on the structures available to this RNA (88, 

176). 

We chose two constructs related to the ones shown to be active in previous processing 

studies, the tetraloop-forming larger-than monomer RNA active in potato nuclear extracts, as 

well as a dimeric PSTVd RNA corresponding to the CEVd construct processed in transgenic 

Arabidopsis. In addition, we included a perfect linear monomer RNA generated by two flanking 

ribozymes to interrogate the yeast system for ligation in case cleavage of the other RNAs was 

inhibited, as well as a new larger-than monomer RNA that was designed to favor a trihelical 

element. This latter construct adds an important dimension to the previous processing 

approaches: in comparison to the RNAs used by Steger et al. (176) and Baumstark et al. (63, 88), 

this transcript contains a full duplication of the entire UCCR, which is able to form a perfect 

trihelical element. TGGE analysis indicates this structure is the thermodynamically favored one; 

it can form directly during or after transcription, as well as after thermodynamic pretreatments 

under equilibrium conditions (data not shown.) Secondly, in contrast to transcripts such as our 

PSTVd RNA dimer or the CEVd dimer used by Gas et al., we do not have to take into account 

the possibility of multiple combinations and permutations of structural elements available 

between two complete units (190). Lastly, we do not have to rely on a mechanism for trihelix 
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formation via refolding of hairpin 1 elements through kissing-loop interactions as postulated by 

Gas et al.(64, 187). 

All of these four constructs showed various degrees of expression; yet only the TL construct 

was active in forming circles. However, these were of aberrant length: they contained four non-

viroid, vector-derived nucleotides and a four-nucleotide viroid duplication (Fig 5, 7). For the 

other three constructs, the primary transcript accumulation in vivo was consistently lower than 

the TL construct. The triH RNA allowed detection in northern blots as the 390nt primary 

transcript length. The full-length dimer RNA was very unstable in yeast cells; no signal was seen 

by RT-PCR and only a faint ~420 nt degradation product appeared on northern blots. Similarly, 

the exact monomer released from the double-ribozyme cassette was barely detected in northern 

blots. The monomer transcript with a 5’-end uncleaved HH ribozyme did accumulate to 

noticeably higher levels, indicating a stabilizing effect of this initial, 5’-capped pol II product 

(Fig. 4).  
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Figure 2.7: The cleavage and ligation sites for PSTVd in yeast total RNA extractives 
containing the TL construct.  

Letter coloring and upper/lowercases indicate the same nucleotides throughout. The lowercase 
red letters are vector nucleotides added during plasmid construction. (A) The sequence of the 5’ 
and 3’ ends of TL transcribed in yeast. Uppercase blue and red letters are wild-type PSTVd 
sequences. The blue arrows (95/96) indicate the known cleavage sites of PSTVd processed in 
potato or tomato. The downward red arrow indicates (92/93) the 5’ cleavage site of processing in 
yeast. The lowercase black letters are the 5’ end of the delta ribozyme. The green arrow indicates 
cleavage by the delta ribozyme. The dotted line with the red arrow marks the sites for ligation in 
yeast. (B) Sequences of ligation junctions in potato and yeast. The caret (^) marks the ligation 
sites. Sequences shown were determined from RT-PCR of gel extracted RNA circles from yeast 
and tomato. The proposed ligation scheme results in an additional 8 nt in yeast (red). (C) 
Ligation substrate in yeast. The marked 3’ and 5’ ends are ligated to form the yeast circle. The 
additional 8 nt (red) comprise nt 96, the four vector nt and nt 93 through nt 95.  
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Of the shorter, viroid-specific RNA species detected in cells expressing the TL or triH 

constructs, none was of the size expected for processing into unit-length molecules. Primer 

extension confirmed that the 5’-ends of these RNAs varied (Fig. 6), consistent with them being 

the result of degradation rather than a specific viroid processing pathway in replication. Our 

observations are in line with results by Delan-Forino et al. (128), who determined that successful 

processing of ASBVd plus-RNA into circles is accompanied in parallel by degradation of linear 

ASBVd RNA via the yeast RNA surveillance pathway. This competition between processing and 

degradation is not unique to yeast, as recent studies have shown the presence in PSTVd-infected 

plants of subgenomic-length RNA species a that appear to be products of endonucleolytic 

cleavage leading to degradation (111). The concentration of these subgenomic fragments varies 

considerably from one host to another.  

Based on our results, four factors influence the balance between degradation and processing 

in yeast. These appear to be applicable to the other systems able to replicate viroids. 1) Specific 

structural motifs must be recognized by the endonuclease(s). 2) The chemical nature of the ends 

produced by cleavage must be compatible with the ligase. 3) These ends must be presented in a 

suitable orientation to the relevant ligase, for example by being base paired to a continuous 

complementary strand; and finally, 4) there must be a thermodynamically feasible pathway to 

arrive at that base pairing through refolding from a transient, kinetically favored nascent 

structure. A fast forming intermediate is recognized by the endonuclease, which upon cleavage 

refolds towards a lower free energy structure recognized by the ligase, akin to a riboswitch 

sensitive to the context and transcriptional age of an RNA sequence. In the following, these 

factors will be discussed in more detail below. 
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Dimer, triH and TL RNAs all provided structural context for endonuclease cleavage as 

indicated by the production of distinct shorter RNA species detected in the northern blots. In the 

case of the dimer and the triH, those species were still larger than monomeric length, implying 

that either they would require further cleavage before being able to yield mature circles, which 

we did not observe, or that in fact they were degradation products similar to the subgenomic 

PSTVd RNAs observed by Minoia et al. (111). The shorter fragments derived from TL RNA 

also did not correlate with productive processing, as they were shorter than monomeric length. 

Since the TL RNA did, however, give rise to circles in yeast without detectable accumulation of 

the precise linear intermediates determined by sequencing of the circular products to be 367 nt 

long (5’-C93-359/1-G96-acau-3’), as shown in Fig. 7, we conclude that these intermediates are 

extremely short-lived, and that they either get converted immediately to circles or degraded 

rapidly in yeast.  The acau insertion is not present in the trihelix RNA; thus, the traditional 

trihelix structure is maintained. If the 92/93 cleavage site were used in the trihelix, a double-

stranded cleavage would still occur within a properly paired RNA double helix and produce a 

four-base 5’ overhang. Rapid ligation of the ends from the trihelix cleavage cannot explain the 

lack of a productive intermediate in this construct, as no circles are observed. Thus, we conclude 

that yeast has an endonuclease that recognizes and cleaves a structure specific to TL RNA, but 

this endonuclease does not recognize and cleave triH RNA at the same location. Presumably, 

these two sequences fold into different tertiary structures. 

The chemical nature of the ends produced by cleavage of the RNA constructs in this study is 

a direct consequence of the type of endonuclease recognizing them as substrates. RNA 

endonucleases can produce either a 2’-3’ cyclic phosphate and a 5’OH or a 3’ hydroxyl and a 5’ 

phosphate. Cleavage site recognition typically relies on RNA secondary and tertiary structure, 
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rather than exact sequence (191). The work of Gas et al. (64, 187) provided evidence implicating 

dicer-like RNase IIIs as the endonucleases that process CEVd in Arabidopsis thaliana to 

generate 5’-phosphate and 3’-OH termini. 

RNase III endonucleases are involved in rRNA, snRNA and snoRNA processing, mRNA 

maturation, RNA silencing and transcriptome surveillance(192, 193) . They interact with their 

RNA target via a dsRNA binding domain, and typically recognize dsRNA in a sequence non-

specific manner. Many RNA III endonucleases rely on additional protein components in a 

complex to create specificity (194). Such protein factors could be responsible for recognition 

changes from one host to another. In yeast, the sole RNase III enzyme is the Rnt1 protein, which 

prefers substrates with a variety of RNA hairpins capped by tri-, tetra-, or pentaloops over long 

RNA double-strands (135, 195, 196). We note that the GAAA tetraloop that caps the PSTVd TL 

RNA structure does not conform to the most preferred AAGU or NGNN tetraloop substrates of 

Rnt1p (197). Furthermore, the 92/93 cleavage site is closer to the capping loop than the expected 

12-14 nt; yet, the new site is farther from the loop than the site utilized in potato, and this site is 

at the bottom of the stem predicted by RNA folding programs (88). Given the wide range of 

targets for Rnt1p in RNA yeast cell metabolism, it cannot be ruled out that Rnt1p is responsible 

for generating the 5’-cleavage in the TL RNA at position 92/93 in the TL RNA leading to the 

processing into circles. Taking into account the lack of specific processing products for the triH 

RNA expressed in yeast (Fig. 3, 4) as well as the distribution of 5'-ends detected in the primer 

extension, we conclude that the imperfectly double-stranded trihelix is not an appropriate target 

for the Saccharomyces Rnt1p. While it is possible that RNase III counterparts in other eukaryotic 

systems recognize this structure, in yeast it is most likely that enzymes from degradative 

pathways cleave the triH RNA into successively smaller products. In a RAT1-107 background, 
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the concentration of linear products increased for both the TL and the triH constructs, but this did 

not result in circle production in case of the trihelix RNA. 

The ends generated by the endonuclease have to be compatible with the ligase that closes the 

circle, and for our system that poses the question as to why those ends generated from the TL 

construct are suitable, while those from the exact monomer RNA are not. Nohales et al. showed 

that DNA ligase 1, which, like T4 RNA ligase, requires 5’-phosphate and 3’-OH ends, catalyzes 

circle formation of PSTVd RNA and other Pospiviroidae in the host plant tomato; furthermore, it 

does so with rather high selectivity for the position along the rod-like secondary structure (96). 

Correspondingly, the monomeric linear CEVd RNA transgenically expressed and processed in 

Arabidopsis thaliana with normal cleavage at 95/96 was determined to contain 5’-phosphate and 

3'-OH termini (187). However, the same work showed that monomeric linear CEVd isolated 

from infected gynura contained 5'-OH and 2'-3' cyclic phosphate termini. Also, viroid RNA 

molecules recently shown to accumulate as subgenomic species in tobacco, tomato and eggplant 

had 5'-OH and 3'-phosphate termini; these were proposed to be products of developmentally 

regulated plant endoribonucleases (111). Finally, Feldstein et al. (167) were able to infect 

Nicotiana benthamiana by expressing an exact minus-PSTVd monomer within a double 

ribozyme cassette that, fully cleaved, was open at position 91/92 with 2’-3’cyclic phosphate and 

5’-OH ends. This RNA was found to be infectious and give rise to detectable levels of minus-

sense unit-length circles, presumably sealed by a tRNA ligase rather than the DNA ligase 

proposed for natural PSTVd infection (96).  

RNA ligases use two different mechanisms: a 5'-phosphate may be joined to a 3'-OH (5—3 

mechanism) or a 2'-3'-cyclic-phosphate may be joined to a 5'-OH (3—5 mechanism); the latter 

mechanism is restricted to archaea and vertebrates and is not found in yeast or plants (198). 
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Yeast and plant tRNA ligases follow the 5—3 mechanism, but are able to utilize substrates with 

2’-3’ cyclic phosphates and 5’ hydroxyls because their multidomain structure allows them to 

open the cyclic phosphate and phosphorylate the 5’ OH before ligation. A separate enzyme 

removes the 2' phosphate (199).  

In our case, the ability of the TL RNA to be processed into circles and the sequence 

environment around the ligation site lead us to conclude that the 2'-3' cyclic phosphate generated 

by the delta ribozyme is ligated to the 5'-end generated by a host nuclease cleaving between C92 

and C93. Presumably, this is a 5'OH to complement the cyclic phosphate. This raises the 

question: why does the monomer RNA released from the double-ribozyme cassette, which 

contains the exact same end groups, not ligate? The ligation position in yeast is a few bases 

downstream from the site in potato (G95/G96), making it possible that the difference in the local 

sequence and secondary structure environment may account for the differential activity of the 

ligase on both substrates. Indeed, Nohales et al. have shown that 1) recombinant eggplant tRNA 

ligase acting on eggplant latent viroid with 2'-3' cyclic phosphate and 5'OH ends (164) and 2) 

DNA ligases from tomato and tobacco acting on PSTVd RNA with 3'-OH and 5'-phosphate ends 

(96) ligate at the wild-type positions in vitro, but not at other positions along the native structure 

of the respective viroid RNAs. 

It is also possible that the 5'-end generated by the host nuclease on TL RNA in fact carries a 

5'-phosphate rather than a 5'-OH. If so, then a DNA ligase similar to the one in Arabidopsis is 

responsible for circle formation, then the 2'-3' cyclic phosphate would first have to be hydrolyzed 

into 3'-OH and 2'-phosphate. This extra step may be highly inefficient, if it has to occur 

separately from the cleavage, which would explain the relatively low amounts of circles 

currently produced in our yeast system. In this scenario, the monomer might not be a substrate 
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for ligation because either the conversion of the 2'-3' cyclic phosphate is inhibited by the 

particular base pairing of the G95/G96 ends, or the requirement for phosphorylation of the 5'-end 

in addition to the potentially slow hydrolysis of the 2'-3' cyclic phosphate renders the overall 

efficiency too low to compete with destructive degradation. Our observation that in vivo the fully 

cleaved monomer RNA accumulates at lower levels than the intermediate with the 5'-ribozyme 

still attached, in contrast to similar band levels from in vitro transcription (Figure 4, lanes 11 and 

12), supports this interpretation. 

In this regard, ligation of the TL construct can be interpreted as utilization of an “end of 

convenience” provided by the delta-ribozyme. Figure 7C presents a particular pairing of the 

upper and LCCR of the proposed linear TL processing intermediate, containing the two four-

nucleotide additions, that that would provide a reasonable substrate for an RNA ligase. Here, the 

3' cau from the vector acau sequence as well as the 5'-C93 pair with G268 through G265 of the 

LCCR. This local conformation is stabilized by further base pairing of 5'-upper strand G95 

through G97 with lower strand C264 through C262, requiring that C94 be unpaired as an extra-

helical base. The ends consisting of 3’-U and 5'-C93 would be held in place for ligation by 

pairing with G266 and G265. Importantly, this arrangement keeps the upper and lower strands of 

Loop E in register, so that it could still contribute to a stable conformation required for ligation. 

With the current constructs, it is unresolved as to whether an exact monomer with open ends 

between C92 and C93 and no extra sequence would be ligated similar to the TL RNA, or 

degraded similar to the monomer G95/G96. However, the incorporation of extra sequence into 

aberrant circles is not unique to the TL construct expressed in yeast. Earlier processing 

experiments in which in vitro transcripts of TL Nearest pre-formed into different structures and 

incubated with potato nuclear extracts also showed that larger-than-unit length circles were 



68 
 

produced. This was explained as the result of a premature switch into the "extended left" loop E-

containing conformation (63). The sequence of the aberrant circles revealed a duplication of 16 

viroid nucleotides, which were generated with comparable efficiency to the production of correct 

359 nt viroid circles. 

Taken together, our results from PSTVd expression in the nonconventional host yeast 

continue to expands our understanding of how viroids have adapted and thrived in a variety of 

natural and non-traditional hosts. Viroids have shown a unique plasticity to present themselves as 

substrates for the cell's promiscuous RNA metabolism and begin to replicate where they 

encounter the appropriate types of RNA polymerase, endonuclease and DNA or tRNA ligase. 

Members of the Avsunviroidae provide their own ribozyme for cleavage to match the required 

ligase end requirements. At the same time, all viroids have to overcome the challenge of evading 

the cell's RNA degradation processes while potentially having to rely on enzymes such as 

endonucleases that may be part of those very same decay pathways they have to avoid. Even 

here viroids are ingenious, as some of the products of these degradation pathways may be 

utilized to act as viroid-specific small RNAs (vsRNA) to subvert the plant defense systems via 

transcriptional and post-transcriptional gene silencing, which is most likely how viroids exert 

their pathogenicity (158, 200). 

The evolutionary success of viroids appears to be a variation of two strategies: offering 

recognition elements such as hairpins and other local structures that direct the appropriate 

nuclease to a preferred location, and applying RNA refolding between cleavage and ligation 

steps such that kinetically formed metastable intermediates rearrange to thermodynamically 

stable end products that are no longer an efficient substrate for further cleavage or degradation. 

From one host cell to another, a particular structure that contributes productively towards 
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generation of circular progeny in one host may not find a favorable use in a different host and be 

channeled towards degradation instead of productive processing. The precise sequence of most 

suitable structures for both cleavage and subsequent ligation and the type of host enzymes 

involved in their recognition may vary from system to system. The fact that this has been 

demonstrated for a growing number of viroids and hosts such as Arabidopsis, tobacco, potato, 

eggplant, Cyanobacteria, and now for the second time in yeast, underscores the underlying power 

and adaptability of the viroid RNA replication strategy. 
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Supplemental Information 

 

Supplemental Figure 2.1: Northern blot analysis of total RNA from PSTVd infected wild-
type and RAT1 YPH500 yeast strains.  

Total RNAs controls include: healthy tomato (lane 1) infected tomato (lane 2), empty YPH500 
(lane 3), empty rat1 (lane 4). Lanes (5-6) represent galactose induction (+) of the RAT1 stain 
transformed with the monomer and dimer construct. Lanes (7-8) represent the RAT1 stain 
transformed with the TL construct under dextrose (-) and galactose (+) induction. Lanes (10-11) 
represent the RAT1 stain transformed with the triH construct under dextrose (-) and galactose (+) 
induction. Lanes 9 and 12 are the YPH500 strain with gal induction of the TL and triH 
transformants. In vitro transcripts corresponding to each in vivo construct were used as positive 
loading controls (13-16). The ribozymes of the monomer IVT (lane 13, see Figure 1A) did not 
cleave to completion, resulting in four bands: HH-PSTVd-HP (547 nt, yellow asterisk), PSTVd-
HP (482 nt, green asterisk), HH-PSTVd (424 nt, blue asterisk), and linear PSTVd (359nt, red 
asterisk). The blot was probed with an α-32P minus-PSTVd transcript. Linear and circular PSTVd 
are marked. For a loading control, the yeast scR1 gene (522 nt) was probed in a second 
hybridization. Red arrows indicate primary transcripts from the in vitro transcripts or prior to any 
yeast cleavage/ligation events (in vivo), blue asterisk HH-PSTVd, open arrowheads indicate 
viroid RNA cleavage products, the open circle denotes circular products resulting from 
processing of the TL construct in vivo (lanes 8-9). 
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Supplemental Table 1.1: Oligonucleotides used in this study 

Oligonucleotide  Sequence (5’-3’) 
112Fa ACTGGCAAAAAGGACGGTGGGGA 
259R GTAGCCGAAGCGACAGCGCAAAGG 
2F CCTGTGGTTCACACCTGACCTCC 
MB1R TCGGCCGCTGGGCACTCC 
ActF GGTATTCTCACCAACTGGGACG 
M13 F GTAAAACGACGGCCAG  
M13 R CAGGAAACAGCTATGAC 
T7 prom Fb GAAATTAATACGACTCACTATA   
TB110 down R AATTCCGGGGATCCCTGAAGCGCTCC 
T7 prom F GAAATTAATACGACTCACTATA 
TB112 down R GCCACCTGACGTCTAAGAAACC 
T7ActR GTAATACGACTCACTATAGGCGACGTAACATACTTTTTCCT

GATGT 
SCR1F TGGCCGAGGAACAAATCCTT 
T7ScR1R GTAATACGACTCACTATAGTTAAACCGCCGAAGCGATCA 
T7 PSTVd dim F TAATACGACTCACTATAGGTACGTACTG 
PSTVd dim R GGGACAGAGGTCCTCAG 

aForward primers (ending in F) have the same sequence as the transcribed RNA. 

bItalicized letters indicate the introduced T7 promoter sequence. 

 

Supplemental Table 1.2: Plasmids used in this study 

Plasmid Constructb RNA Reference 
p13/119 PSTVd Monomer Mon IVT This work 
p15/14 PSTVd dimer Dimer IVT This work 
pB3RQ39 PGAL1-BMV-RNA3- BMV-RNA3 (180) 
pCR2.1_TOPO.
4 

HH-95/96 monomer-HP Mon (167) 

pTB110 parent pRH701 TL IVT (88) 
pTB112 PSTVd trihelix triH IVT This work 
pTBO_dim PGAL1-PSTVd dimer- TBO_Dim This work 
pTBO_mon PGAL1-HH-PSTVd 

monomer-HP 
TBO_Mon This work 

pTBO_TL PGAL1-PSTVd tetraloop- TBO_TL This work 
pTBO_triH PGAL1-PSTVd trihelix- TBO_triH This work 
pIC115 RAT1-107::URA3 RAT1-

107::URA3 
(181) 

a pGAL1=full GAL1 promoter; pGAL1’=GAL1 promoter without UAS1. 

b =delta ribozyme; HH=hammerhead ribozyme; HP=hairpin ribozyme; PC=paperclip ribozyme 
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Supplemental Table 1.3:  Templates for IVT PSTVd RNAs and riboprobes 

RNA Template Forward Primer Reverse Primer 
TL IVT pTB110 T7 prom F TB110 down R 
triH IVT pTB112 T7 prom F TB112 down R 
Dimer IVT p14/15 T7 PSTVd dim F T7 PSTVd dim F 
Mon IVT p13/119 M13 F M13 R 
(-)PSTVd riboprobe p13/121 M13 F M13 R 
(-)Actin YPH500 genome ActF T7ActR 
(–)SCR1 YPH500 genome SCR1F T7ScR1R 
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Chapter 3: Enrichment of RNAs below 400 nucleotides with 
Manganese Chloride Precipitation 

 

Abstract 

 Enrichment of specific RNAs is of importance for the type of RNA analyses being 

conducted. Several methods and commerical kits can be utlized according to the the RNA of 

interest. MnCl2 has been used previously to enrich viroid RNA fractions from total RNA from 

infected plants. We have expanded upon this method to show that MnCl2 can enrich single-

stranded RNAs of 400 nt and below from a total RNA preparation. We have applied this method 

to map the transcription start sites of a PSTVd transcript from total RNA from yeast under 

conditions where the RNA was previously undetectable. This underscores the ability of MnCl2 

enrichment to enable 5’ mapping of low copy number RNAs of 400 nt and below in a total RNA 

extract.  

  

Introduction  

 RNA biochemistry requires that in vivo RNA of interest be separated from proteins, 

especially RNAases. This can be achived using several commerical kits and by use of phenol-

chloroform extraction (201). In addition, enrichment of specific RNAs with regard to type and 

size within a total RNA extract is essential. Several methods have been used for this additional 

downstream RNA purification. The PEG (polyethylene glycol) method selectively precipitates 

plasmid DNA from in vitro transcripts as well higher molecular weight species of rRNA and 

mRNA (202). A simple and under utilized method uses MnCl2 precipiation to enrich 371 nt 

potato spindle viroid (PSTVd) RNA from total RNA from infected plant tissues (186). The 
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ressearchers who designed the method were able to clearly demonstrate the enrichment of linear 

and circular viroids by use of 50 mM MnCl2 with an incubation at 40C for 1 hour. Additionally, 

they showed that these enriched viroid fractions were still effective at infecting plants.  

 The MnCl2 method is simple and effective at enriching viroid RNAs. We have expanded 

upon this method to enrich modified viroid RNAs from total RNA of yeast and shown that the  

range for RNA enrichment is roughly 400 nt. With MnCl2 precipitation, we were able to map 

transcription start sites of the yeast transcripts through primer extension, which was not possible 

without enrichment.  

Materials and Methods 

Oligonucleotides  

 Oligonucleotides were obtained from Invitrogen and are listed in Appendix Table1.  

Yeast Strains, Plasmids and Transcripts 

 The strain YPH500 (MATα ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ leu2-Δ1) was 

used throughout the study. Yeast cultures were grown at 30˚C in synthetic media containing 

either 2% glucose or 2% galactose for suppression or stimulation respectively of the vector’s 

promoter.  In vivo yeast transcripts of PSTVd were directed by plasmids pTBO TL or pTBO triH 

are described in Chapter 2/Appendix.  These encode PSTVd monomers with 5’ and 3’ 

duplications that support the folding of tetraloop and trihelix conformations of PSTVd RNA 

respectively (5).  Both of these transcripts have a 3’ delta ribozyme, which cleave efficiently in 

yeast to give a defined 3’ end of the RNA. 
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The T7 viroid transcripts contained a PSTVd monomer flanked by two ribozymes, produced 

according Feldstein et al. (167).  Transcription substrates were produced by PCR from plasmid 

p13/119 using primers ActF and T7ActR (Appendix).  The opposite strand (without ribozymes) 

was copied to produce the template for minus-PSTVd, used as a riboprobe.  The TL in vitro 

RNA was transcribed from a template copied from pTB110 as described (88). The triH in vitro 

RNA template was formed by PCR amplification of plasmid pTB112 using a primer containing 

the T7 promoter sequence (T7 prom F) as well as sequences needed to form a complete trihelix 

using the primer TB112 down R (Appendix Table 3).  An additional digestion using EcoR1 to 

remove extra 3’ sequences is needed to make an exact trihelix.  

RNA Extraction 

 Yeast containing the appropriate plasmid was grown in the selective media to an OD of 

0.6-1.0. The cells were then harvested. Total RNA was extracted from 10 OD/mL of cells using 

the hot phenol extraction method (183).  This procedure provides ethanol precipitated RNA, 

which has had DNA digested and proteins extracted. 

RNA Enrichment 

 RNA was enriched by the MnCl2 method (186).  MnCl2 enrichment was conducted with a 

total RNA concentration of 100ng/μl in 50 mM Tris, 1 mM EDTA (TE).  In a standard 

precipitation, MnCl2 was added to 50 mM, vortexed and incubated for 60 min at 4°C followed 

by centrifugation for 5 min at 15K rcf.  Pellets were dissolved in 50 mM Tris, 10 mM EDTA.  

Supernatants were ethanol precipitated (70% EtOH, 0.3 M Na acetate) and re-dissolved in TE.   

 RNA was also enriched by  PEG precipitation (202). Polyethylene glycol 6000 (Sigma) 

was first introduced to 6% with 0.42 M NaCl.  PEG pellet 1 (P1) was precipitated by 
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centrifugation at 15K rcf for 5 min.  The supernatant was removed and PEG and NaCl were 

brought to 20% and 0.52 M respectively.  PEG P2 was precipitated by centrifugation as before. 

These conditions were optimal for this methodology. Slight modifications of each protocol were 

made as described in specific figure legends.  

Electrophoresis 

 Size-distribution of RNAs were determined by gel electrophoresis.  Samples were heat 

denatured at 90°C in formamide loading solution (95% formamide, 0.025% bromophenol blue, 

0.025% xylene cylanol) and run on a 5% polyacrylamide (29:1 acrylamide: bisacrylamide) 1x 

TBE, 8 M urea denaturing gel at 55°C.  Samples were visualized by silver staining (184) or dried 

and exposed to phosphorimaging screen when labeled with 32P. Yields were determined by beta 

counting radioactive decay from respective samples.  

RNA Detection by Northern Blotting and Riboprobes 

 Total RNAs (5 μg) were separated on a 5% polyacrylamide-8M urea gel and were semi-

dry electroblotted to a Hybond N+ membrane (GE Healthcare). The membranes were incubated 

in UltraHyb solution (Ambion) overnight at 65 ᵒF with the appropriate riboprobe. The 

membranes were washed with 2x SSC (1x SSC is 0.15M NaCl + 0.015M sodium citrate) and 

0.1% SDS. Four washes were performed (2 x10 minutes and 2 x 20 minutes) at 65 ᵒF. The 

membranes were exposed to a phosphorimaging screen and the signals were measured using a 

Storm 840 Phosphorimager. 

The riboprobes for detection of PSTVd, and actin, were generated by in vitro transcription 

of PCR products either obtained from a plasmid (PSTVd) or from yeast genomic DNA. The PCR 
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fragments were produced using the primers listed in the Appendix Table 3. The label was [α-32 

P] UTP.  

Primer Extension 

 Oligonucleotide M1BR (Appendix Table 1) binds plus-strand nucleotides 150-133. The 

primer was 5'-end-labeled with [γ-32 P] ATP using T4 polynucleotide kinase (Invitrogen). 

Approximately 10 6 cpm of this primer was annealed to 25 μg of total RNA from yeast or 18 μg 

of MnCl2-treated RNA from yeast. Primer extension used 100 units of reverse transcriptase 

(Superscript III kit, Invitrogen) at 52ᵒC for 90 minutes. The reaction was stopped and the 

products were ethanol precipitated. A DNA sequencing ladder was generated with the 

Sequitherm cycle sequencing kit (Epicentre Technologies) using primer M1BR and a PCR 

fragment containing the PSTVd sequence from pTBO triH. The products from the primer 

extension and the ladder were run on 8% (19:1) polyacrylamide (PAA), 8M urea sequencing 

gels.  

Single-Stranded RNA MnCl2 Enrichment Study 

 A Century Plus ™ single stranded RNA ladder (Ambion, 100-1,000 nt) was transcribed 

in the presence of [α-32P] CTP. Approximately 106 cpm of this ladder was used in 300 µl 

reactions containing 100 ng/µl total RNA from yeast, 50 mM Tris-HCl, pH 8.0, and 1 mM 

EDTA. The reactions were incubated at 4°C for 60 minutes. After incubation, four-10 μl samples 

were taken and counted. Four-50 μl aliquots were then taken and spun at 15K rcf for 5 minutes. 

The supernatant was transferred and four 10µl samples were counted. The pellets were taken up 

in 50 μl of 10 mM Tris-HCl, pH 8.0, and 10 mM EDTA and four 10 µl samples counted. For gel 

analysis, 5 μl of each sample were analyzed on 5% PAA-8M urea gels. The gels were dried and 
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exposed to phosphorimaging screens. Signals were measured using a Storm 840 

Phosphorimager.  

 

Results and Discussion  

 Enrichment of RNAs of different sizes, functions and structures is of importance for 

tailored analysis and assays of specific RNAs. Several methods have been employed for 

enrichment of viroid RNA (4, 5). We have built upon the use of MnCl2 for viroid enrichment by 

showing clear size specificity using modified viroid transcripts of various sizes. The optimized 

MnCl2 enrichment has allowed the 5’-end mapping of in vivo plasmid-transcribed viroid primary 

RNA in yeast as well as enhanced detection of these transcripts and their processing 

intermediates via northern blot analysis. 

We have investigated the size dependence of MnCl2 precipitation of various sized viroid 

RNAs utilizing the double-ribozyme PSTVd monomer described in Chapter2, 5’-hammerhead 

(HH)-PSTVd monomer-hairpin (HP)-3’.  In vitro tanscription of this construct produces four 

bands due to incomplete digestion by the ribozymes: HH-PSTVd-HP (547 nt) PSTVd-HP (482 

nt), HH-PSTVd (424 nt), and linear PSTVd (359 nt) (Figure 3.1, lane1). 50 ng of viorid 

transcript was mixed with 1 μg of total RNA from yeast in 100 μl total volume.  The standard 

conditions of 50 mM MnCl2, incubation at 4°C for 60 minutes, and spinning five min at 15K rcf, 

gave a supernatant that was depleted in the 547 and 482 nt fragments, lane 4.  The pellet fraction 

showed all four bands; the two smaller bands did not show noticeable depletion.  Increasing the 

centrifugation time or agitating the reaction during incubation did not alter the results (lanes 7-

10).  Changing the MnCl2 concentration to 100 mM (lane 6), even with a 10-min centrifugation 

time (lane 10), resulted in only partial depletion of the two larger bands.  MgCl2 at 50 and 100 
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mM at 40C for 1 hour of incubation (lanes 11-14) precipitated RNA, but did not show utility in 

enriching small viroid RNAs. From this experiment, an optimal condition for enrichment of 

smaller viroid RNAs (< 480 nt) was 50 mM MnCl2 with incubation at 4°C for one hour with a 5-

minute centrifugation at 15K rcf.  

 

Figure 3.1: Enrichment of Viroid RNAs of under various conditions.  

An in vitro transcript of a construct containing monomeric PSTVd with 5’-hamerhead and 3’-
hairpin ribozymes was added to total RNA from yeast and then treated under various conditions 
to enrichment specific RNA fragments. Incomplete digestion by the ribozymes gives rise to four 
RNA fragments: HH-PSTVd-HP (547 nt), PSTVd-HP (482 nt), HH-PSTVd (424 nt), and 
monomeric linear PSTVd (359 nt) (lane 2). 50 ng of the fragments were spiked into 1 μg of total 
RNA from yeast. The fragments were treated with MnCl2 (Lanes 3-10, 15-16) or MgCl2 (lanes 
11-14), spun at 15K rcf, and resuspended pellets (P) and ethanol-precipitated supernatants were 
run on a 5% polyacrylamide-8M urea gel and silver stained. Lane 1 is a 100bp DNA ladder.  An 
asterisk (*) indicates the use of 100 mM MnCl2 or 100 mM MgCl2 (all others are 50 mM). The 
double dagger (‡) indicates the reaction was spun for 10 minutes instead of 5 minutes. The 
pound symbol (#) represents shaking while incubating at 4°C.  

 

Viroid enrichment by PEG 6000 or MnCl2 precipitation was compared. 32P UTP-labeled 

PSTVd TL IVT (described in Chapter 2), 381 nt, (Fig 3.2A) or unlabeled transcripts (Fig 3.2 C) 
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were spiked into 10 μg of total RNA from yeast and enriched using the MnCl2 precipitation 

(Figure 3.2 A lanes: 3,4; part C: lanes 5,6) or PEG precipitation (Figure 3.2 A lanes: 5,6; part C: 

lanes 3,4). The PEG protocol and MnCl2 protocol were similar regarding the enrichment of 

viroid RNA, however; comparisons of the two methods revealed that MnCl2 enrichment of the 

TL transcript gave a slightly better yield (part B) and efficiency as seen by the more prominent 

band above the background RNA in Fig 3.2C lane 6.   



81 
 

 

 

 



82 
 

Figure 3.2: Assessment of PEG viroid enrichment compared to MnCl2 enrichment 

A. A viroid transcript of 381 nt in length (TL) was transcribed in the presence of 32P-UTP. This 
transcript (1.1x104 counts) was then spiked into 10 μg of total RNA from yeast. The system was 
treated with PEG (lanes 2,3) or MnCl2 (lanes 4,5). The letter “P” is the pellet fraction and “SN” 
is the supernatant fraction. The pellets were taken up in 5 μl FLS and the SN were ethanol 
precipitated and then taken up in 5 μl FLS prior to gel loading. The full-length transcript is 
shown in lane 6 (arrow). B. Graph of cpm per lane from Figure A. C. The same TL IVT (200ng) 
was transcribed with non-labeled ribonucleotides and spiked into 10 μg of total RNA from yeast. 
The system was treated with PEG (lanes 3,4) or with MnCl2 (lanes 5,6) followed by ethanol 
precipitation. Samples were run on a 5PAA-8M urea gel and silver stained. The full-length 
transcript (arrow, 100 ng) is shown in lane 2. A 50 bp DNA ladder was used as a marker (lanes 1 
and 7). The sample prep prior to gel loading was identical to that of A with the exception of the 
labeling of the transcript.  

 

 

                                 

Figure 3.3: Northern blot analysis of PSTVd infected tomato, PSTVd infected yeast, and 
PSTVd infected yeast followed by MnCl2 enrichment 

Total RNA from PSTVd infected tomato (Lane 1), PSTVd infected yeast (Lane2) and PSTVd 
infected yeast followed by MnCl2 enrichment were separated on a 5% PAA and blotted onto 
positively charged nylon. Lane 1 contains 1 μg of PSTVd RNA; lanes 2 and 3 contain 5 μg of 
PSTVd infected total RNA from yeast. Linear PSTVd (359 nt Inf. Tomato/ 375 nt Inf. Yeast) 
The blot was probed with a 32P-minus-PSTVd transcript. For a loading control, the yeast actin 
gene (1537 nt) was probed in a second hybridization.  

 

 MnCl2 enrichment of in vivo-transcribed linear and circular PSTVd is compared in Figure 

3.3. Total RNA from yeast was extracted and a portion of the RNA was then treated with MnCl2 

to obtain an enriched portion of linear PSTVd transcript. This RNA was then analyzed by 
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northern blotting and probed with 32P-minus-PSTVd and 32P-minus-actin transcripts (Figure 3.3). 

The PSTVd infected tomato gives the expected band for linear PSTVd (lane 1). PSTVd infected 

yeast also gives linear PSTVd (lane 2). Lane three shows the yeast RNA after MnCl2 

precipitation. This enrichment produced a stronger signal for linear PSTVd, and very little signal 

for the yeast actin (1537nt) 

To determine whether or not the secondary structure of RNA affects its precipitation by 

MnCl2, the Century Plus RNA ladder template (Ambion) was transcribed with (Figure 3.4A, lane 

1) or without (Figure 3.4 C Lane 5) α -32P-CTP present.  Yeast total RNA (100ng/μl) was spiked 

with radiolabeled single-stranded RNA ladder and subjected to MnCl2 enrichment using 0, 15, 

30, and 50 mM MnCl2, with a 60-min 4°C incubation. The pellet fraction and supernatant as well 

as a pre-spin fraction of these RNAs were run on a gel. The untreated ladder serves as a marker 

(Figure 3.4, A: lanes 1, 11). Total radioactivity in each fraction is presented in Figure 3.4 B. 

Without the addition of MnCl2, almost all of the RNA is in the supernatant fraction (SN) (A: lane 

4, B: 0 mM). With 15 mM MnCl2 there is an increase in precipitation of RNA up to 500 nt; 

however, most RNA still resides within the SN fraction (A: lanes 5 and 6, B: 15 mM). At the 

30mM MnCl2 level, roughly 70% of the ssRNA ladder resides in the SN and 30% is in the pellet 

(B: 30mM); however, the gel result indicates that there is an increase in the larger RNA’s in the 

pellet (A: 7-8). Lastly, at the 50 mM concentration of MnCl2, there is nearly an equal split of 

RNA in the pellet to the supernatant (B: 50 mM). There is also a more intense signal of larger 

RNA (400 and 500 nt) in the pellet fraction (A: lane 9). These results are corroborated by 

radioactivity measurements, as with increasing MnCl2 concentration there seems to be an 

increase in larger RNA in the pellet fractions as well as an increase in total counts in the pellets. 

30 mM MnCl2 seems optimal with the cut off being around 300-400 nt.  Quantitation of the 
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radioactivity in each lane supports this conclusion (Figure 3.4B).  Figure 3.4C displays a silver-

stained gel of the ssRNA ladder with no radioactive label provided by Paul Freidhoff.  This gel 

indicates that the cut off for single-stranded RNA that remains in the supernatant is 

approximately 500 nt.  It also shows that precipitation is the same at pH’s of 7.5 and 8.5 (lanes 1-

4).  Thus, similar molecular weight dependencies were seen for modified viroid RNA and 

ssRNA.  However, for RNAs in the range of 400 - 500 nt, the precipitation behavior should be 

checked for each individual species. 
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Figure 3.4: Single-stranded RNA ladder subject to various concentrations of MnCl2 

A. A single-stranded (ss) RNA ladder was transcribed in the presence of 32P CTP, dosed into 
total RNA from yeast, treated with various levels of MnCl2 (lanes 2-10) and separated on a 5% 
PAA gel. Lanes (1, 11) are untreated ssRNA ladder. Lane 2 is an untreated ssRNA ladder spiked 
into total RNA from yeast (Pre). The letter “P” represents pellet fraction and “SN” represents 
supernatant fraction following MnCl2 addition. The 0, 15, 30, and 50 mM are doses of MnCl2. B. 
Percent fraction of total tube counts for the pellet and supernatant of a radiolabeled ssRNA 
ladder spiked into total RNA from yeast following various treatments of MnCl2. Four replicates 
of the pellet fraction and supernatant fraction were beta counted for each concentration of MnCl2 
(0, 15, 30, and 50 mM). The pellet and supernatant fractions correspond to the RNAs separated 
by the gel on part A. C. 6% PAA gel of ss RNA ladder treated with MnCl2 at varying pH’s. For 
lanes 1 and 2, the MnCl2 treatment was carried out at pH 8.5 and Lanes 3 and 4 the MnCl2 
treatment was carried out at 7.5. (Data from Paul Freidhoff as personal communication.) 

 

 Lastly we demonstrate the power of this MnCl2 precipitation method in combination with 

primer extension to map the 5’ ends of viroid RNA being processed in yeast. Identifying specific 

transcripts or processing intermediates by primer extension can be challenging when analyzing 

total RNA. These challenges include nonspecific primer binding or failure of primer binding due 

to low levels of transcripts. Our results (Figure 3.1-3.3) indicate that MnCl2 can enrich RNA 

fractions of 422 nt and below, therefore MnCl2 enrichment could be of value for primer 

extensions mapping the 5’ ends of tetraloop or trihelix PSTVd transcripts (381 and 390 nt 

respectively). To test this, we doped 60 μg of total RNA from yeast with 1000, 100, 10 fmol of a 

viroid transcript of 390nt in length (triH). The fractions were then split and 30 μg was directly 

analyzed by primer extension for detection of the PSTVd transcript. The other 30 µg was treated 

with MnCl2, ethanol precipitated and then anlayzed by primer extension. Figure 3.5 presents the 

results. The 5’ end of the initial triH transcipt should be at position G80 (lane 1). RNA from 

yeast that were not doped with trasncript, with and witout MnCl2 enrichment were used in lanes 

2 and 3. Lanes 4 and 5 present total RNAs spiked with 500 fmol of triH RNA. There is a clear 
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signal at G80 (lane 4) for the RNA that was MnCl2 treated. This signal does not appear in the 

non-MnCl2 treated fraction (lane 5). When the dose of the transcript was dropped to 50 or 5 fmol 

no signal was seen at G80 regardless of MnCl2 enrichment (lanes 6-9). 

 

Figure 3.5: Primer Extension of total RNA from yeast spiked with viroid transcript 

Total RNA was prepared from the yeast strain YPH500 (Y). The RNA (60μg) was dosed with 
1000, 100, and 10 fmol of viroid trasncript of 390 nt (triH IVT). From this, 30 μg was taken and 
analyzed by primer extension. The other 30 μg was treated with MnCl2 , ethanol precipiated and 
then subject to primer extension (Mn). The 5’ end of the triH IVT begins at position 80 of 
PSTVd sequence. For numbering refer to Gross et al. (169). Lane 1 is the triH IVT alone (0.5 
pmol) . Lanes 2 and 3 are undosed YPH500 RNA, untreated and  treated with MnCl2 
respectively. Lanes 4-9 are dosed with the indicated amounts of transcript. Lanes 4, 6, and 8 are 
all treated with MnCl2. Lanes 5, 7, and 9 are not treated with MnCl2.  

 

To analyzie the utility of MnCl2 enrichment of a transcript produced in vivo, the yeast strain 

rat1-107 was transformed with a PSTVd expression construct (pTL) to yield linear PSTVd 

transcripts. The initial transcript from TL is the same as triH on the 5' end. RNAs were then 

extracted from yeast and one subset was MnCl2 enriched an the other was not. A primer 
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extension to map the 5’ of the PSTVd transcript (Figure 3.5) was performed. An in vitro 

transcribed TL was used asva size marker (lane 1). Total RNA from yeast rat1-107 trasnformed 

with TL was used as template for lanes 2 and 3, which have 25 μg of untreated and 18 μg of 

MnCl2-treated total RNA respectively. The transciption start site (red arrow lane 3) was seen 

only in the RNA that was treated with MnCl2, additional 5'-processed bands may be seen below 

it. 

 

                                        

Figure 3.6: Determination of RNA 5’- ends for viorid species detectable in vivo  

Total RNA was prepared from a yeast rat1-107 mutant expressing a PSTVd TL construct. 
Untreated (25μg) and MnCl2 -treated RNA (18μg) were analyzed by primer extension. An in 
vitro transcript (0.5 pmol) of TL (Lane 1) was the control. The 5’ ends of the in vitro transcript 
starts at position G80. Lanes 3 and 3 represent TL transformed into rat1-107 without and with 
MnCl2 treatment. Position -2C (red arrow) is the yeast transcription start sites in constructs 
harboring a GAL1 promoter. Position G80 marks the first PSTVd base. 

 

 The enrichment of specific RNAs is of critical importance to studies of in vivo RNAs. 

Several methods are already employed toward enrichment of certain RNA types/sizes (186, 202-

205). We have optimized a reported methodology for the specific enrichment of viroid sized 
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RNA fragments (186).  Specifically, we have demonstrated the specific sizes of modified viroid 

and single-stranded RNA enriched by this method.  We have demonstrated the utility of the 

method by showing increased sensitivity for primer extensions of low quantity transcripts from 

total RNA in yeast (Figure 3.5 and 3.6). MnCl2 enrichment is a simple and effective way to 

enrich non-coding RNAs of 420 nt and below from a total RNA extractive.  
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Chapter 4: Investigation into the Processing of PSTVd in a Yeast 
Whole Cell Extract 

 

Abstract 

 Yeast is a very robust and viable model system used for many types of RNA studies. 

Knockout strains and temperature sensitive mutants have been created for both essential and 

non-essential genes in yeast. This allows for very thorough and fast screening of proteins 

required for RNA processing studies. To further streamline the use of yeast, a yeast whole cell 

extract provides even more agility with RNA-protein interactions. Studies have shown that 

viroids are capable of processing in yeast in vivo systems however; this process is time 

consuming and unpredictable. Using yeast whole cell extracts to study viroid processing, allows 

us to obtain important information before moving to an in vivo system. In this study, we present 

evidence that a yeast whole cell extract is capable of cleaving PSTVd to unit length monomer. 

We do not have concrete evidence that this whole cell extract can ligate to mature PSTVd 

circles; however not all processing condition studies have been exhausted, so further study is 

warranted.  

Introduction 

 The use of yeast whole cell extracts to monitor RNA processing is not a new concept or a 

new experimental system for studying RNA. Starting in the early 1980’s yeast whole cell 

extracts were used for in vitro transcription and splicing assays (206, 207). Recently, it was 

shown that yeast whole cell extracts can be used to study the structure and replication of a plant 

virus (208). However, the use of yeast whole cell extracts in studying viroid processing is a new 
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concept. In this work, we have shown that yeast is capable of processing PSTVd in vivo. Thus, 

we have reason to believe that viroids can process in an in vitro yeast system.  

 The processing of PSTVd in a yeast whole cell extract has many benefits. From previous 

studies, we have shown that processing of PSTVd in vivo is not an efficient process and one 

where degradation occurs quickly. Also, the expression of PSTVd in an in vivo yeast system is a 

fastidious and time-consuming process. Not all yeast expression vectors are suitable for 

launching viroids in yeast and require careful selection of a suitable promoter. The use of an 

extract allows for increased sensitivity when using radioactive transcripts. In addition, we have 

previously showed that the use of manganese chloride enriches viroid RNA, this enrichment 

would have even more utility in a whole cell extract where the spiking of the transcript is 

controlled and not dependent on a promoter.  

 By using an in vitro system while controlling the levels of transcripts entered into the 

processing, we could enrich processing intermediates as well. The in vitro system allows 

manipulation of the transcript ends to obtain insight into the ligase involved in processing. 

Identifying the proper conditions for yeast whole cell processing of PSTVd allows us to have 

access to the yeast knockout strains and temperature-sensitive mutants without having to 

transcribe PSTVd in vivo (115). This system to quickly screen processing proteins before moving 

to an in vivo system 

 Previously, Baumstark, et al. (63, 88, 89) demonstrated that PSTVd processes in a potato 

nuclear extract. Yeast whole cell extracts have benefits over potato nuclear extracts as well. For 

one, maintenance of a potato callus requires additional facilities and expertise to maintain.  

Secondly, the process of making the potato nuclei is more time consuming and tedious compared 
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to yeast whole cell extracts (88, 209). The growth and maintenance of yeast is magnitudes easier 

than that of callus maintenance and protoplast formation.  

 The potato nuclei however were a very robust and reliable system for PSTVd studies. 

Using these nuclear extracts, Baumstark et al.  (88)  discovered that the only one of four possible 

structures of a specific IVT were capable of processing into a circle. Using various conditions, 

they were able to manipulate the transcript to adopt four possible structures. The structure 

responsible for processing exhibited a tetraloop structure within its central conserved region (TL 

IVT) (63) . We have the same exact transcript and have prior in vivo data that would support that 

this transcript can process in a yeast whole cell extract. We also have a complete monomer that 

only required ligation in yeast, but did not circularize in vivo. The 5’ and 3’ ends of the 

transcripts is vital to the ligation and we can test ligation effects by changing the 5’ and 3’ 

transcript ends and assaying for circle formation. Setting up the in vitro system will save 

significant time in the screening process for viroid-protein interaction studies. Apart from RNA-

protein studies, the in vitro system will allow for structural studies that cannot be performed in 

vivo. To date, in vivo structural analysis is limited to SHAPE (selective 2’-hydroxyl acylation 

analyzed by primer extension), DMS modification, and structure-seq (210, 211).  

Materials and Methods 

Transcript Formation 

 The plasmid used throughout this study was the TB110 (TL IVT/ Appendix Table 3) 

transcript that was produced according to Baumstark et al. (63, 180). Linearization of the 

plasmid by EcoR1 followed by in vitro transcription in the presence of 32 P-UTP yields 5’ vector-



93 
 

derived pppG and a vector-derived AAUU at the 3’ end.  The transcript was purified using a G50 

spin column.  

Yeast whole cell Extract 

 The yeast whole cell extract was a gift from Dr. Beate Schwer. This extract was produced 

using a method adapted from Umen and Guthrie (209). The extracts are stored at -700C and are 

stable for at least 6 months (207). 

Processing Reaction 

 Processing reactions were performed in 50 μl volumes and incubated at room temperature 

for various times (see figure legends). Various volumes of yeast whole cell extract to 

transcription buffer (20 mM HEPES-KOH, 50mM KCl, 10mM MgCl2, 5mM EGTA, .05 mM 

EDTA, 2.5 mM DTT, 10% glycerol) were used throughout the study and these conditions are 

outlined within the figure legends. Each reaction contained between 105-106 cpm of 32P labeled 

TL IVT. Each reaction also contained 40 units of Riboguard RNase Inhibitor (Epicentre).  The 

reactions were stopped using 150 μl of stop mix (27mM EDTA, 0.5% SDS). Following this, the 

RNA was extracted by phenol-chloroform and ethanol precipitation. Approximately 103-104 

counts of RNA were loaded and analyzed on a denaturing 5% polyacrylamide-8M urea gels. The 

gels were dried and the signals were measured using a Storm 840 Phosphoimager.  
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Results 

The TL IVT cleaves in vitro in a yeast whole cell extract 

 

 The RNA substrate used throughout this study was the same RNA substrate shown to 

process in yeast nuclear extracts (88). We were able to demonstrate that the TL IVT follows a 

similar cleavage pattern in a yeast whole cell extract (Figure 4.1 and 4.2). Figure 4.1 indicates 

that the TL IVT will undergo multiple cleavages to start of the processing cycle as previously 

shown in potato nuclear extracts (63, 88).  

 To fully investigate the cleavage process, we conducted semi-log plotting of the bands 

(Supplemental Figure 4.1). The viroid cleavage pattern was similar to Baumstark et al.  (88). 

Using the semi-log plotting, we see signs of full length product (FL), cleavage 1 (L1), and 

cleavage 2 (L2).  

 We varied multiple conditions to monitor both the cleavage and possible ligation of TL 

transcript. The first variables that were manipulated were ratios of yeast whole cell extract (YE) 

to buffer. The reactions were carried out at multiple incubation times. (Fig 4.1). Figure 4.1 shows 

that cleavage is seen in all cases (Lanes 2-8). Qualitatively, lower incubation times may be 

favorable (Lanes 2-3, 6-7) as seen by visual band intensities. These conditions still needed 

refinement as no circle progeny were detected under the conditions listed within Figure 4.1. 

According Baumstark et al. (88) the circle would migrate above 1631 base pairs.  
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Figure 4.1: Cleavage of TL IVT in yeast whole cell extract 

A total of 105 cpm of 32 P labeled TB110 IVT were used for the reactions. For loading, 104 
counts of RNA were loaded into each well. Mock represents a reaction in which no yeast whole 
cell extract (YE) was used. Reaction times are denoted in parenthesis. Lanes (2-4) contain an 
equal volume of buffer to YE. Lanes (6-8) contain twice as much buffer to YE. The full-length 
transcript (FL-TL), and the two cleavage products (L1 and L2) are marked by arrows. Sizes were 
calculated according to Supplemental Table 4.1. 

 

 

 In order to optimize both conditions for cleavage and ligation, levels of YE, incubation 

times, and reaction conditions were varied (Figure 4.2). Each reaction within the set had an 

additional 0.4 mM rNTP mix added to ascertain if additional rNTP were necessary for the initial 

processing step.  Additional conditions were tested by adding 10mM KCl, 2 mM ATP, and 3mM 

MgCl2. These conditions were added to assess optimal buffer ionic strength (KCl), additional 

energy source for processing enzymes (ATP), and cofactor for optimal processing enzyme 
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activity (MgCl2). Again, there signs of cleavage in most conditions (lanes 3-18), but still no clear 

signs of ligation. A reaction containing 20% YE that was incubated for 15 minutes with 

additional KCl gave the best cleavage signal in this experimental set (Lane 11). The bands within 

this gel appeared hazy and aberrant likely due to residual protein binding to the RNA. The 

residual protein would obscure the migration of the RNA.  

 

 

Figure 4.2: Cleavage of TL IVT in YE with varying incubation times and reaction 
conditions 

The amount of spiked transcript and mock reactions are the same as Figure 4.1. A total of 104 
counts of RNA was loaded into each lane. Lanes (2-5) represent 30% YE used within the 
reaction and the incubation times increase from 5-45 (min). Lanes (5-13) contain 20% YE with 
varying incubation times denoted in parenthesis. The asterisks represent a reaction in which 
10mM potassium chloride was included. The cross represents the addition of 2mM ATP 
contained within the reaction. The ^ represents the addition of 3 mM MgCl2 within the reaction. 
The full-length transcripts and cleavage products are marked according to Figure 4.1. Every 
reaction contained 0.4mM rNTP mix.  
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Discussion  

 

 As previously stated, the possibility of creating a PSTVd processing assay in yeast whole 

cell extracts opens the door to rapid screening of PSTVd processing proteins with the full 

availability of the toolbox of yeast knockouts and ts mutants.  Growing and launching PSTVd 

RNAs in yeast is time consuming and sometimes un-predictable.  An in vitro system would cut 

the screening time significantly before moving to an in vivo yeast system.  

 Toward this end, we have demonstrated that a whole cell yeast extract is capable of 

cleaving PSTVd RNA but not ligation into mature viroid circles or complete cleavage to unit 

length monomers. Both the lack of potential unit length monomers and circles can be attributed 

to exoribonucleases present in the yeast whole cell extract. Additionally, the cleavage pattern 

seemed to be characteristic of the cleavage pattern seen in other in vitro processing systems (88).  

 Our previous work with an in vivo yeast system (Chapter 2) indicated that circle 

formation was a delicate balance of degradation and processing. We were able to show that a 

knockdown strain of the yeast exoribonuclease (RAT1) had a positive effect on the production of 

primary transcripts and PSTVd circles (Chapter 2 supplemental information). Other studies have 

shown that another exoribonuclease XRN1 had a positive effect on ASVBd linear and circle 

production in yeast (128). The ribonuclease inhibitor used in our assays protects against RNase 

A, B, and C. The inhibitor is more designed for inhibition of RNases during in vitro 

transcriptions and may not be effective against RAT1 or XRN1.  

 We have shown conditions that appear to optimize the initial cleavage events, but circles 

may not be formed because the correct substrate to circularize is being degraded quickly by host 
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machinery. PSTVd degradation is very host specific and can vary from system to system (111). 

We believe that yeast is a system with high levels of degradation prior to ligation events.  

 The next steps will include making yeast whole cell extracts in the xrn1Δ strain and the 

RAT1-107 strain and then assaying for circle production with the TL transcript. In addition, the 

pre-treatment of the transcript was shown to be of importance to the processing. Baumstark et al.  

(88) snap cooled the transcript prior to use. This step would ensure that the RNA is folded 

correctly for processing to occur. We will conduct these experiments using the initial conditions 

in Figure 4.1. Only upon clear signs of unit length monomer, can the buffer conditions be 

optimized. This optimization would allow for maximum circle formation and insights into 

conditions needed for the host nuclease and ligase.  

 In conclusion, processing by the yeast whole cell system requires some significant 

optimization. The RNA degradation machinery within yeast is very active with regard to PSTVd 

processing. Whole cell extracts contain RNases in both the cytoplasm and nucleus. The use of a 

nuclear extract instead of the whole cell extract may aide with reduction in RNase activity within 

yeast.  
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Supplemental Information  

 

Sample  Cleavage  
Migration 
(inches) 

Log 10 frag 
size  size Kb 

Mock 1 
(1:1) FL 2.7 2.60577 403.4316812 
10 (1:1)-  L1 2.71 2.604421 402.180491 

 L2 2.81 2.590931 389.8800383 
45 (1:1) L1 2.7 2.60577 403.4316812 

 L2 2.77 2.596327 394.7544187 
90 (1:1) L1 2.7 2.60577 403.4316812 

 L2 2.77 2.596327 394.7544187 
Mock 2 
(2:1) FL 2.6 2.61926 416.1596791 
10 (2:1) L1 2.61 2.617911 414.8690148 

 L2 2.65 2.612515 409.7462617 
45 (2:1) L1 2.62 2.616562 413.5823533 

 L2 2.72 2.603072 400.9331813 
90 (2:1) L1 2.63 2.615213 412.2996822 

 L2 2.74 2.600374 398.4501549 
 

Supplemental Table 4.1: Semi-log plot of Band migrations of the bands in Figure 5. 

y = ‐0.1349x + 2.9797
R² = 0.9547

0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 5 6 7 8

Lo
g 

1
0
fr
ag
m
en

t 
si
ze

migration (inches)

100 bp DNA Ladder Standard Curve



100 
 

Chapter 5: Cloning of New PSTVd Yeast Expression Systems 

Abstract 

 The available collections of knockout strains and temperature sensitive mutants makes 

yeast a great model system for studying RNA-protein interactions, including those essential to 

RNA plant pathogen-host interaction. We have shown that PSTVd can process in yeast, but have 

been limited to a few yeast strains due to the expression construct that was used. Here we sought 

to modify this expression construct to allow its use in more yeast strains. The creation of the 

expression construct has proved challenging, and we have found that not all yeast expression 

systems may be suited to express PSTVd RNAs. Subtle, and yet uncharacterized, alterations in 

our new constructs have prevented the expression of RNAs that are processed in yeast.  The key 

elements of our previous expression system that allowed for PSTVd processing in yeast need to 

be further examined for future research.  

 

Introduction 

 Yeast  is a highly studied, highly characterized and convenient molecular biology tool for 

in vivo and in vitro studies (112). Due to extensive genomic studies, knockout strains for every 

nonessential gene in yeast have been created (115, 116). As for  essential genes, knockdown or 

temperature sensitive (ts)  mutant collections have also been created (117). These collections of 

strains make yeast a very powerful model system to study RNA-protein interactions.  

 The Ahlquist lab pioneered the use of yeast as a model system to study RNA plant 

pathogens. They were able to express the brome mosaic virus (BMV) in the yeast strain YPH500 
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(120, 121). This was followed by a whole series of studies in yeast where replication, 

localization, and RNA-protein interactions of RNA plant pathogens were determined (212). 

Yeast has even been used to study processing of viroids (128).  

 Using yeast as a model system to study viroids is an enticing prospect for viroid-protein 

interactions. Since 2011, significant progress has been made regarding enzymes and proteins 

involved in viroid processing. Many of the proteins that have been implicated in viroid 

processing have analogs in yeast. Nohales et al.  (96) implicated DNA ligase I as the enzyme 

involved with ligation of viroid circles using tobacco as a model system. This research can be 

expanded upon as a DNA ligase I (CDC9) ts mutant exists in yeast and has been well studied for 

functionality (133, 134). Recently the Dicer-like 4 enzyme in tobacco was suggested to be the 

enzyme responsible for viroid cleavage (94). The only Dicer-like or RNase III enzyme in yeast is 

RNT1(213, 214). Again, a gene knockout is available and would allow for quick and directed 

study of this viroid cleavage in an in vivo system.  A more recent topic of study for viroid 

research has been viroid turnover, or decay pathways of replicative intermediates (215). Several 

studies have shown that yeast mutants of either XRN or RAT1 (exoribonucleases) effect RNA 

plant pathogen accumulation (128, 179). The genetic research and creation of novel stains in 

plants has been growing. Many of the viroid studies above to identify proteins have been 

conducted in Arabidopsis, tobacco, or eggplant; however, this requires the growth of plants that 

are infected with PSTVd. This can be time consuming and labor intensive. In addition, these 

systems are not as well characterized as yeast and the yeast systems can provide focused research 

before moving into plant systems.  

 We have already shown that in yeast, mutation of RAT1 to a partial loss-of-function allele 

does not inhibit PSTVd processing, and may give a slight increase in partially processed 
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intermediates and circles (Ch2, Supplemental Figure 1).  However, the number of RNA 

metabolism mutants with a ∆trp background (needed for selection of the pTBO plasmids) is 

limited.  Thus, to have access to the full toolbox of yeast strains, new PSTVd yeast expression 

constructs need to be created. The largest collection of yeast knockouts and temperature sensitive 

mutants exists in the BY4741 background (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0).  We have 

attempted to create new PSTVd expression constructs using the pXP722 expression backbone. 

We have yet to see proper transcription or processing of PSTVd in BY471 (unlike YPH500) 

using these expression constructs. This finding suggests that not all yeast expression systems are 

suited for viroid transcription and processing in yeast. The original vector backbone that was 

created for viroid studied (pB3RQ39) has the correct elements and functionality to launch and 

process PSTVd in yeast, and this backbone should be used for future studies.  

 In discussing transcripts produced from our constructs, unprocessed full-length RNAs 

will be called primary transcripts; RNA from which only the ribozyme has cleaved is called a 

preliminary transcript.  Any RNA on the pathway towards circle formation from the preliminary 

transcript is a processing intermediate, while those that are no longer capable of making circles 

are called degraded transcripts. 
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Materials and Methods 

Yeast Strains, cell growth and Transformation  

 The strains YPH500 (MATα ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ leu2-Δ1), 

BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0), xrn1Δ (same as BY4741, but YGL173c: 

KanMX4) and BMA64 (MATα ura3-1; trp1Δ; ade2-1; leu2-3,112; his3-11,15) were used in this 

study. Yeast cultures were grown at 30˚C in synthetic media containing either 2% glucose or 2% 

galactose for suppression or stimulation of the GAL1 promoter. Tryptophan was not added to the 

media for plasmid maintenance. Transformations were carried out with the Frozen-EZ yeast 

transformation II kit from Zymo Research (T2001). A RAT1 mutant strain was also used in this 

study. The plasmid for creation of the rat1-107 allele (A661E) was a gift from Dr. Eric Phizicky 

(181). The plasmid harboring the mutant was digested using AatII and BamH1. The digest was 

run on an agarose gel and the 5551bp fragment containing the RAT1 mutation with the URA 

maker was excised and purified. The excised fragment was transformed into the YPH500 

genome and selected against URA and TRP markers.  Additionally, the BMA64 (RNT1 wt) was 

supplied by Dr. Guillaume Chanfrau (216). 

Oligonucleotides  

 Oligonucleotides were obtained from Invitrogen and are listed in Appendix Table 1.  

Yeast Expression Plasmid Construction 

 The existing PSTVd expression plasmids were all cloned into the yeast expression 

plasmid pB3RQ39 (trp1, CEN4, GAL1 promoter; see Appendix). The plasmid also contains a 

hepatitis delta ribozyme to allow for creation of exact 3’ ends after transcription (180).These 
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plasmids give us tools for transcribing PSTVd sequences corresponding to the tetraloop (TL), 

trihelix (triH), dimer, and monomer as described in the Appendix Table 2 .  

 A new set of plasmids was created using the pXP722 yeast expression plasmid (ura3, 

CEN6, GAL1 promoter) (217). The TL and triH PSTVd sequences from above were placed into 

the Spe1 site of pXP722 using custom gene synthesis (Biomatik Corp., Cambridge, ON, 

Canada). The only change in PSTVd sequence was that in pTBO TL the 3’ GACAU sequence 

(terminally repeated nt 96 and a four-base vector insert) between nt95 and the delta ribozyme 

was omitted in the synthesized plasmid. The pXP722 backbone was modified by inserting an 

XbaI site 3’ of the CYC1 terminator.  A series of modifications was made to these purchased 

plasmids and is summarized in Table 5.2. See Appendix Table 2 for descriptions of all plasmids 

used in this study.  
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Table 5.2A: Plasmids used in this study  

Plasmid Name  Description  
pTBO TL  TL forming construct within pB3RQ39 backbone 
pTBO triH  triH forming construct within pB3RQ39 backbone 
pTL TL forming construct within pXP722 backbone (original purchase) 
ptriH triH forming construct within pXP722 backbone (original purchase) 
pTL#1 TL with CYC1 terminator removed using Xba1  
tpriH#14 triH with CYC1 terminator removed using Xba1 
pTL2A pTBO TL was amplified using Delta BstX1 d F and Xho nru bb R. This 

fragment was digested with BstX1 and Sal1 and was placed within 
BstX1/Sal1 site of TL yielding modified delta ribozyme and 3’ vector 
sequence (31 additional bp past delta) 

pTL4B pTBO TL was amplified using Delta BstX1 d F and Xho nru bb R. This 
fragment was digested with BstX1 and Xho1 and was placed within 
BstX1/Sal1 site of TL yielding modified delta ribozyme and 3’ vector 
sequence (131 additional bp past delta)  

pTL3 pTBO TL was digested with Age1 and Eag1 and 392 bp fragment was 
gel purified and inserted into Age1/Eag1 digest of pTL yielding modified 
GAL1 promoter region 

ptriH3 The 392 bp pTBO TL Age1/Eag1 fragment was inserted into Age1/Eag1 
digest of triH yielding modified GAL1 promoter region 

*oligos used are underlined 

 

Table 5.2B: pTL Design  

Position Description 
1-464 pXP77  
465-466 added to make restriction site 
467-468 TBO14-163 
468-484 5’ CCR duplication 
485-843 PSTVd monomer (96-359/1-95) 
844-936 delta ribozyme 
937-946 Duplicates bases 3’ to ribozyme to allow XbaI deletion of CYC1 

transcription terminator without changing ribozyme 3’ end 
947-5361 pXP77 
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Figure 5.1: Plasmid design for PSTVd yeast expression systems 

A. Original pTBO TL plasmid design with TRP marker B. Original design of plasmid TL, a 
PSTVd momomer with duplication inserted into pXP722.  The monomer with a seventeen-
nucleotide duplication (16 3’ and 1 nt 5’). Key restriction sites as well as selectable markers are 
noted.  
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Agarose Gel Extraction 

 DNA in an agarose gel was visualized using ethidium bromide and gel-extracted by 

excising and soaking a gel fragment.  DNA was purified using a Promega PCR clean up kit.  

RNA Extraction 

 Yeast containing the appropriate plasmid was grown in the selective media to an OD of 

0.6-1.0. Total RNA was extracted from 10 OD /mL of cells using the hot phenol extraction 

method (183), resulting in ethanol precipitated RNA. 

Reverse Transcription PCR for Detection of plus-PSTVd and PSTVd Circles 

 One microgram of total yeast RNA was treated with DNase I (Invitrogen). The RNA was 

then phenol chloroform extracted and ethanol precipitated. After this, 3 ng of total RNA was 

subjected to reverse transcription (Invitrogen superscript III) using 20 pmol of the primer 259R 

(Appendix Table 1) in 10 μl. One tenth of this product was used for PCR amplification. The 

amplifications were carried out in 12.5 μl of 2x Go Taq (Promega) with 25 pmol of the following 

primers: 259R/112F for plus-PSTVd and 259R/2F for circles. The following program was run on 

an Eppendorf thermocycler: 5 mins at 95˚C, 30 cycles of 30s at 95˚C, 40 s at 64˚C, 60s at 72˚C 

followed by 5 mins at 72˚C and a 4˚C hold. Products were separated on a 5% polyacrylamide-

8M urea gel. 
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RNA Detection by Northern Blotting 

 Total RNAs (5μg) were separated on a 5% polyacrylamide-8M urea gel and were semi-

dry electroblotted to a Hybond N+ membrane (GE Healthcare). The membranes were incubated 

in UltraHyb solution (Ambion) overnight at 65ᵒF with the appropriate riboprobe. The riboprobes 

for detection of PSTVd, actin, and ScR1 were generated by in vitro transcription of PCR 

products either obtained from a plasmid (PSTVd) or from genomic DNA from yeast (actin and 

SCR1) (185). The PCR fragments were produced using the primers listed in Table 1. The in vitro 

transcriptions were performed in the in the presence of [α-32 P] UTP or CTP. The membranes 

were washed with 2x SSC (1x SSC is 0.15M NaCl + 0.015M sodium citrate) and 0.1% SDS four 

times (2x10 minutes and 2x20 minutes) at 65ᵒF. The membranes were exposed to phosphor 

screens and the signals were measured using a Storm 840 Phosphorimager.  

Manganese Chloride Treatment of Total RNA from Yeast to Enrich Small RNAs 

 For enrichment of viroid linear intermediates, total RNAs from yeast were treated with 

manganese chloride according to Semancik and Szychowski (186). RNAs at a concentration of 

100ng/µL were treated with 50mM MnCl2 in 0.1xTE. After incubation at 4ᵒC, the solution was 

centrifuged at 15K rcf for 5 minutes. The supernatant containing the small RNA fraction was 

then ethanol precipitated.  

Primer Extension 

 Oligonucleotide MB1R (Appendix Table 1) binds plus-strand nts 150-133. The primer 

was 5'-end-labeled with [γ-32 P] ATP using T4 polynucleotide kinase (Invitrogen). 

Approximately 106 cpm of this primer was annealed to 6.1 μg of manganese treated RNA from 

yeast, and to 0.5 pmol of viroid in vitro transcript. The extension was conducted using 100 units 
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of reverse transcriptase (Superscript III kit, Invitrogen). After extension for 90 minutes at 52ᵒC, 

the reaction was stopped and the products were ethanol precipitated. A DNA sequencing ladder 

was generated using primer MB1R and PCR fragment encompassing the PSTVd sequence from 

the plasmid harboring the trihelix sequence. The ladder was formed using Sequitherm cycle 

sequencing kit (Epicentre Technologies). The products from the primer extension and the ladder 

were run on 8% (19:1) acrylamide, 8M urea sequencing gels.  

Results 

 In order to utilize the entire tool box of yeast molecular biology and mutant strains to the 

study of PSTVd RNA processing, we required an expression construct that contained a uracil 

selectable marker. pTBO TL is a PSTVd expression construct that set up PSTVd for processing 

in strain YPH500 (see Figure 5.1).  We wanted to keep key elements of this construct, but in a 

new vector backbone with more convenient restriction sites and a URA3 selection marker, 

leading us to have pTL created using total gene synthesis. Additional changes included the 

removal of the insertion GACAU between the PSTVd sequence and the delta ribozyme and the 

use of a better characterized transnscription terminator 3’ to the ribozyme. Apart from the 

differences detailed above, the PSTVd and ribozyme sequences were identical to those in 

previous work (Appendix Table 2) . The GAL1 promtoer is slightly different between the two 

constructs, as pTL only contains UAS (upstream activating sequences) 3 and 4, while pTBO TL 

cotains UAS 1-4 (Figure 5.1). The pXP722 series has additional bases 3’ to the transcription start 

site replacing UAS 1-2. Both constructs contain a gene for ampicillin resistance  and the CEN6 

ARS origin of replication. ptriH is identical to pTL except that the trihelix 3’ CCR duplication 

extends to PSTVd nt 110 5’ to the ribozyme.  
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 The PSTVd constructs designed with the pXP722 yeast expression vector backbone did 

not yield any successful viroid processing, nor did they show signs of high expression of 

preliminary transcripts in strain BY4147. The only expression constructs to yield preliminary 

transcripts and viroid circles was the original pTBO TL construct in the strain YPH500. 

Figure5.2 shows the northern blot giving the first indication of lack of proper viroid transcription 

and processing. Lane 5 contains the positive-control, pTBO TL in YPH500. We see the 

preliminary transcript, a shorter processed linear, and the circle, as seen previously (Chapter 2). 

Lane 8 contains the pTBO triH in YPH500. This construct does not form a circle, but does show 

two processed linear transcripts,  neither long enoughto be the preliminary transcript, consistent 

with previous studies (Chapter 2). The new pXP722 backbone constructs (TL, triH) do not yeild 

a preliminary transcript or circle in either strains xrn1Δ or BY4741. There is a viroid product 

with electrophoretic mobility somewhere between preliminary transcript and viroid circle (Lanes 

6-7, 9-10).  Both pTL and ptriH gave essentially the same  size bands. 
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Figure 5.2: Northern blot analysis of total RNA from PSTVd expression constructs in 
yeast.  

Total RNAs from infected petunia (lane 1), empty YPH500 (lane 2), empty BY471 (lane 3), 
empty xrn1Δ (lane 4), YPH500 transformed with the constructs as indicated (lanes 5,8), BY4741 
transformed with constructs as indicated (lanes 6, 9) and xrn1Δ transformed with constructs as 
indicated (lanes 7, 10) were separated on a 5% PAA and blotted onto positively charged nylon.  
Yeast were grown under galactose induction or in complete media if not transformed by one of 
the constructs. Linear and circular PSTVd are marked. For a loading control, the yeast scR1 gene 
(522 nt) was probed in a second hybridization. Red arrows indicate preliminary transcripts from 
prior to yeast cleavage/ligation events in vivo. The open circle denotes circular products resulting 
from processing of the TL construct in vivo (lane 8), or of circular PSTVd from infected controls 
(lanes 1, 14). TBO (RQ39 vector backbone) denotes previously used constructs that process (TL) 
or form preliminary transcripts (triH) in YPH500. The TL, triH are in PXP722 vector backbone 
(Table 5.2) 

 

 Figure 5.2 shows that there is viroid expression, but the product RNAs are not viroid RNAs 

of normal size.  Under these electrophoresis conditions, linear dimers run about even with 

monomer circles (see Figure 2.3B). Thus, our observed transcripts are longer than TL 

preliminary transcripts.  We postulated that the new transcription terminator did not leave a 3’ 
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end compatible with ribozyme function. Our course of action was to remove the CYC1 

terminator from the backbone. The terminator was removed from pTL and ptriH by deletion of 

the small XbaI fragment (Figure 5.1). The resulting constructs were designated TL#1 and 

triH#14 respectively (Table 5.2).  

 Northern blot analysis (Figure 5.3) indicates that removal of the CYC1 terminator did assist 

in the expression of PSTVd RNAs.  Specifically, there was no expression of a preliminary 

transcript from pTL#1 and for both pTL#1 and ptriH#14, the larger RNAs seen with the 

terminator disappeared (lanes 7-8, 10-15).  However, the migration of several bands might be 

consistent with circles, these being: BY4741 TL#1 (lane 8), BY4741 triH#14 (lane 11), and 

xrn1Δ TL#1 and triH#14 (Lanes 13, 15). RT-PCR specific for circles was conducted on these 

RNAs (Figure 5.4). Unfortunately, the only positive bands for PSTVd circles were detected in 

the infected petunia (Figure 5.4 lanes 1, 13) and YPH500 transformed with pTBO TL (lane 4) 

samples.  
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Figure 5.3: Northern blot analysis of total RNA from modified PSTVd expression 
constructs in yeast.  

Total RNAs from infected petunia (lane 1), empty YPH500 (lane 3), empty BY471 (lane 4), 
empty xrn1Δ (lane 5), YPH500 transformed with the constructs as indicated (lanes 6, 9), 
BY4741 transformed with constructs as indicated (lanes 7-8, 10-11) and xrn1Δ transformed with 
constructs as indicated (lanes 12-15) were separated on a 5% PAA and blotted onto positively 
charged nylon similar to Figure 5.1, as was the probing. Red arrows indicate preliminary 
transcripts from prior to yeast cleavage/ligation events in vivo. The open circle denotes circular 
products resulting from processing of the TL construct in vivo (lane 6), or of circular PSTVd 
from infected controls (lanes 1, 17).  TBO (RQ39 vector backbone) denotes previously used 
constructs that process (TL) or form preliminary transcripts (triH) in YPH500. The dim, TL, triH 
are in PXP722 vector backbone. The ribozymes of the monomer IVT (lane 16) did not cleave to 
completion, resulting in four bands: HH-PSTVd-HP (547 nt, yellow asterisk), PSTVd-HP (482 
nt, green asterisk), HH-PSTVd (424 nt, blue asterisk), and linear PSTVd (359nt, red asterisk). 
This PSTVd transcript was used as an additional loading control. #1 and #14 represent removal 
of the cyc1 terminator from the original construct (TL and triH) (Table5.2).  
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Figure 5.4: RT-PCR for detection of viroid circles in yeast expression constructs 

RT-PCR with outward primer set 2F/259R reveals the presence of any PSTVd circles RNA as a 
DNA fragment of 240bp (Infected petunia) or 248 bp (infected yeast); denoted with a circle. 
Lanes are: (1, 13) infected petunia, (4-9) RNA from the yeast strain YPH500 transformed with 
plasmids listed in Table 5.1. Lanes 10-11 are xrn1Δ strains transformed with TL#1 and triH #14.  
Positive controls were in vitro transcripts of monomer (2) and dimer (3). Lane 12 is a transcript-
free RT-PCR control. A 50 bp ladder was used as a molecular weight marker.  

 

 Since the CYC1 terminator was not the culprit for the faulty processing with TL and triH, 

the focus remained on the prospect of faulty ribozyme cleavage due to interfering 3’ RNA. The 

BstX1/XhoI fragment of pTL was cut out and replaced with either the BstX1/SalI or the 

BstXI/XhoI fragment of pTBO TL. This adds either 31 nt (pTL 2A) or 131 nt (pTL 4B) sequence 

of pTBO TL 3’ vector sequence downstream of the delta ribozyme.  The modified constructs 

were confirmed through PCR screening and restriction analysis (data not shown). These new 

constructs were transformed into BY4741 and YPH500 and analyzed by northern blotting 

(Figure 5.5). Again, the modifications to the delta ribozyme and 3’ sequence past the delta 

ribozyme did not yield preliminary transcripts or viroid circles in any strain (Lanes 2-3, 6-7). 
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pTBO triH (lane 5) yielded a processed transcript and pTBO TL (lane 4) yielded a preliminary 

transcript and a circle.  

 

Figure 5.5: Northern blot analysis of total RNA from modified PSTVd expression 
constructs in yeast.  

Total RNAs from infected petunia (lane 1), empty YPH500 (lane 8), YPH500 transformed with 
the constructs as indicated (lanes 4-7), BY4741 transformed with constructs as indicated (lanes 
2-3) were separated on a 5% PAA and blotted onto positively charged nylon similar to Figure 5.1 
as was the probing. Red arrows indicate preliminary transcripts from prior to yeast 
cleavage/ligation events in vivo. The open circle denotes circular products resulting from 
processing of the TL construct in vivo (lane 4), or of circular PSTVd from infected controls 
(lanes 1, 12).  TBO (pB3RQ39) denotes previously used constructs that process (TL) or form 
preliminary transcripts (triH) in YPH500. The ribozymes of the monomer IVT (lane 9) did not 
cleave to completion, resulting in four bands: HH-PSTVd-HP (547 nt, yellow asterisk), PSTVd-
HP (482 nt, green asterisk), HH-PSTVd (424 nt, blue asterisk), and linear PSTVd (359nt, red 
asterisk). Additional loading controls were TL IVT (lane 10) and triH IVT (lane 11).  2A and 4B 
represent modifications to the delta ribozyme and 3’ end of the original TL and triH constructs 
(Table 5.2).  

 
 After eliminating the variables of CYC1 terminator interference and faulty delta cleavage, 

the focus was then moved towards the 5’ end of the gene. Sequence alignment of the pXP722 gal 



116 
 

promoter vs. pTBO TL gal promoter revealed that the pXP722 promoter has 63 additional base 

pairs between the Pol II TATA box and the transcription start site (TACG) (Figure 5.6).  

 

Figure 5.6: Clustal Omega sequence alignment of gal promoter sequences. 

Three galactose promoter sequences alignments from pTBO TL (pTBO 163), p TL, and pTL3 
(desired). The p TL galactose promoter has an additional 63 bp from TATA box (highlighted 
yellow) to the TACG transcription start site (also highlighted yellow).   

 

 As a fix to this discrepancy, the promoter region of pTL was replaced with that from 

pTBO TL.  The AgeI/EagI fragment of pTL (455 bp) and p triH (455 bp) were removed and 

replaced with the AgeI/EagI fragment from pTBO TL. The promoter and PSTVd 5’ ends of 

pTBO TL and pTBO triH are identical. 

 Primer extension was performed to map the 5’ ends of these transcripts. Total RNA from 

yeast that was transformed with either pTBO TL, pTL3 or ptrH3 was enriched for PSTVd by 

MnCl2 precipitation. The primer extension (Figure 5.7) showed that the TL3 and triH3 5’ ends 
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(Lane 4) shared several important bands with TBO TL (Lane 3), including one consistent with 

the GAL1 start site (red arrow heads).  However, their intensity was much lower. Interestingly all 

three constructs gave a strong triplet of bands from 91-93, indicative that the 5; end of these 

RNAs are processed similarly.  

 

Figure 5.7: Primer extension of PSTVd expression constructs to reveal preliminary 
transcript. 

Total RNA was prepared from YPH500 strain expressing pTBO TL and pTL3 PSTVd RNAs. 
MnCl2 -treated RNA (6.1μg) to enrich preliminary transcripts was analyzed by primer extension.  
γ 32P MB1R was used to perform the extension. In vitro transcript of triH (Lane 1) was used as a 
loading control. The 5’ end of the triH in vitro transcript starts at position G80. Lane 2 is 
YPH500 with MnCl2 treatment. Lanes 3 and 4 represent pTBO TL and pTL3 transformed 
YPH500 with MnCl2 treatment. Position -2C (red arrow) marks the yeast transcription start sites 
in constructs harboring a GAL1 promoter. Position G80 marks the first PSTVd base. TL3 is a 
variant of the original TL construct that has a modification of the galactose promoter region 
(Table 5.2).  
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 Northern blotting was used to probe for preliminary transcripts and circle formation 

(Figure 5.8).   There remains no strong evidence for either being produced. Both pTBO TL and 

pTBO triH gave their expected bands in YPH500.  The RNAs expressed from pTL3 and ptriH3 

did not give preliminary transcripts of unit length in YPH500 (lanes 7 and 8, respectively) or in 

BY4147 (lanes 9 and 10, respectively).  As before, a larger RNA is seen, but it does not align 

properly with the control circles (lanes 5 and 11). The size of this band did not change with 

respect to the original constructs. 

 

Figure 5.8: Northern blot analysis of total RNA from modified PSTVd expression 
constructs in yeast.  

Total RNAs from infected petunia (lane 1), empty YPH500 (lane 3), empty BY471 (lane 3), 
empty RAT1-107 (lane 4), YPH500 transformed with the constructs as indicated (lanes 5-8), 
BY4741 transformed with constructs as indicated (lanes 9-10) and RAT1-107 transformed with 
pTBO TL (lane 11) were separated on a 5% PAA and blotted onto positively charged nylon 
similar to Figure 5.1 as was the probing. Red arrows indicate preliminary transcripts from prior 
to yeast cleavage/ligation events in vivo. The open circle denotes circular products resulting from 
processing of the TL construct in vivo (lane 5, 11), or of circular PSTVd from infected controls 
(lanes 1, 12).  TBO (RQ39 vector backbone) denotes previously used constructs that process 
(TL) or form preliminary transcripts (triH) in YPH500. TL3 and triH3 are modified versions of 
the original TL and triH constructs with a modified gal promoter and modified 3’ region 
containing the delta ribozyme (Table 5.2).  
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Discussion  

 Expressing PSTVd RNAs in yeast strains containing gene knockouts and temperature 

sensitive (ts) knock down proteins is of vital importance to gain insight into proteins used for 

PSTVd processing. The largest collection of knockout strains and ts mutants reside within the 

BY yeast strain series (114, 218), with BY4741 being the most used. The constructs that we have 

previously shown to process in yeast (pTBO) contain a TRP marker. However, switching this 

TRP marker to a URA maker would allow for transformation into BY4741 and thus allow for 

access to the deletion and ts mutant strains.  

 We have attempted to create PSTVd expression plasmids based on the established vector 

pXP722. Unfortunately, we did not see proper ribozyme cleavage or circle ligation in any of our 

attempts (Figures 5.2-5.5, 5, 8).  Several modifications to both the 3’ and 5’ end of the PSTVd 

gene were made, copying these segments from the functional pTBO TL construct.  pTL3 and 

ptriH were capable of producing the 5’ end of the primary transcript in yeast as show by primer 

extension in Figure 5.7 (lanes 4 and 5); however, the production of these transcripts was much 

lower than that of pTBO TL.  Here we consider two possible reasons for this: transcription levels 

and the ligation substrate.  

 Three considerations determine the level of RNA transcription from a plasmid: plasmid 

copy number, transcription efficiency and product degradation.  Fang et al.  (219) show that copy 

number of the pXP plasmid series is quite stable and it is independent of the transcript load and 

the promoter.  The pXP series is based on CEN6, while the pTBO uses CEN4; we are unaware of 

studies comparing the copy number of these origins, but would be surprised if there were a 
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difference, since yeast chromosomes 4 and 6 have the same copy number.   

 Modifying the pXP722 GAL1 promoter or the removal of the CYC1 terminator did not 

improve efficiency.  We have not yet tried to combine these changes, as either alone had no 

detectable effect on the RNA product.  With similar 5’ and 3’ ends, it is reasonable to assume 

that any RNAs transcribed from these plasmids should behave similarly with respect to 

degradation.  Yet, it could be that different strains would utilize different degradative processes 

on these RNAs.  We can also rule out strain affects as pTL and ptriH and their derivatives can be 

transformed into YPH500, the strain that demonstrated viroid RNA process from pTBO TL 

transcripts. The resulting RNAs were the same as those directed by pTL and ptriH in BY4741.  

We have also shown that strain MBA64 transformed with pTBO TL produces the same 

preliminary RNAs and circles as YPH500 transformed with the plasmid (Supplemental Figure 

5.8).  MBA64 derives from W303 and is congenic, but not isogenic with YPH500, a derivative 

of YNN26 (114). 

 The other possibility that has not yet been addressed is the influence of the deletion of the 

sequence GACAU between the 3’ end of PSTVd and the delta ribozyme on pTL.  This sequence 

was introduced during the cloning of PSTVd into pB3RQ39 in the creation of pTBO TL.  This 

sequence is not present between PSTVd with its triH 3’ repeat and the delta ribozyme in pTBO 

triH.  Initially, this insertion was thought to be inconsequential however, it may be significant in 

the light of learning that the yeast endonuclease involved in circle production cuts at position 

92/93 rather than 95/96 (Figure 2.7A).  Figure 2.7C shows that the addition of GACAU allows a 

potential folding of the RNA for ligation to the 3’ end created by the delta ribozyme.  A similar 

potential substrate fold for an RNA without the five-nucleotide insertion could not be found.  If 

the RNA cannot ligate to a circle it could be degraded instead, explaining the failure to see circle 
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formation and a loss of the primary transcript from pTL.  However, this is not consistent with the 

low ratio of circle to preliminary transcript in pTBO TL strains.  Neither does it explain why 

ptriH does not give the same products as pTBO triH. 

 Clearly, the processing of viroid RNA is highly nuanced. Only slight changes in the 

cellular environment dictate the degradation versus ligation to circles of these RNAs. The 

plasmids used to express BMV RNA is yeast seems to have the essential elements to express 

plant pathogens in yeast (180). The TBO TL/triH constructs utilize the original pB3RQ39 

backbone and this backbone should be employed in future studies for the expression of PSTVd 

in yeast.  
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Supplemental Information 

 

Supplemental Figure 5.1: Northern blot analysis of total RNA from modified PSTVd 
expression constructs in yeast strain RNT1 wt (BMA64) 

 

Total RNAs from infected tomato (lane 1), empty RNT1wt (lane 2), and RNT1wt transformed 
with pTBO constructs corresponding to the dimer, monomer, TL and triH (lanes 3-10) were 
separated on a 5% PAA and blotted onto positively charged nylon similar to Figure 5.1. 
Induction conditions are represented by dextrose (–) and galactose (+). Red arrows indicate 
primary transcripts from prior to yeast cleavage/ligation events in vivo. The open circle denotes 
circular products resulting from processing of the TL construct in vivo (lane 6), or of circular 
PSTVd from infected controls (lane 1).   
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Chapter 6: Summary and Future Prospects 

 

 The study of PSTVd processing in yeast is advantageous with regard to yeast being a 

simple, highly characterized, and well-studied simple eukaryotic system.  For RNA biology 

studies and pathogen-host interactions, the yeast toolbox of knockout strains provides a relatively 

quick and simple method for studying pathogen-protein interactions. The main overall objective 

of this research was to establish a PSTVd expression system allowing access to the many 

benefits yeast can offer for PSTVd-host studies. PSTVd processing has been highly studied 

through the years, however the details regarding the structure and proteins involved in PSTVd 

processing are still largely uncharacterized. In Chapter 2, we created a PSTVd expression 

construct that processes in yeast. This was the first case of Pospiviroidae processing in a non-

plant system. We gained insight into the structural motifs that dictate cleavage and ligation and 

discovered that PSTVd processing in yeast is an interplay between ligation and degradation.  

  The processing of PSTVd in yeast is not a highly efficient process as the PSTVd 

processing intermediates are either quickly ligated or degraded. In order to study PSTVd primary 

transcripts produced from yeast, we expanded upon a method of enriching viroids from total 

RNA by use of MnCl2 (Chapter 3). By use of this method, we showed that small quantities of 

viroid transcripts in total RNA from yeast can be enriched. This technique allowed detection by 

primer extension whereas these transcripts undetectable within total RNA that was not enriched 

using this process. Furthermore, we determined RNA lengths that were more enriched by using 

MnCl2 enrichment and determined that this enrichment allowed for detection of RNAs of 422nt 

and below from total RNA from yeast.  
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 Apart from the processing of PSTVd in yeast, the actual transcription of a plant pathogen 

in a non-host is not an efficient process. To overcome the in vivo processing factors and 

challenges, we have established an in vitro processing system in yeast whole cell extracts 

(Chapter 4). The degradation mechanism still exists in this system; however, the transcription 

and levels of transcript can be controlled. Thus, the use of an in vitro system opens up the 

screening process and allows for structural analysis that cannot be conducted in vivo.  

 As a corollary of the previous study, we have found that in vivo processing of PSTVd in 

yeast is a very specific with regard to the expression system used (Chapter 5). We have 

attempted to express PSTVd in using a different expression system described in Chapter 2. The 

proposed system had all of the elements of being an excellent yeast expression system that would 

allow for more access to the yeast knockout toolbox with regard to PSTVd processing studies. 

This system did not express PSTVd at high levels, nor did it show PSTVd processing. This has 

led us to conclude that the key elements of proper PSTVd expression in yeast reside in the vector 

backbone described in Chapter 2.  

 

Future Prospects 

1. Create a complete monomer construct that has cleavage at 92/93 and assay for PSTVd 

processing. In addition, modify the in vivo monomer construct to contain a 5’ phosphate 

and a 3’ OH and test for in vivo ligation. 

2. To investigate the kinetics of PSTVd degradation in yeast, conduct a time course 

extracting total RNA at various stages of yeast growth post galactose induction. If a 
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specific harvest time displays reduced degradation, this would possibly allow for 

5’mapping of the PSTVd replication intermediates.  

3. Due to degradation concerns, create yeast whole cell extracts that contain a knockout of 

XRN1 and RAT1. These strains should limit PSTVd RNA degradation and allow us to 

establish and in vitro processing assay that produces complete PSTVd circles. With these 

constructs in place, we can use double mutant strains to investigate in vitro processing 

prior to in vivo assays. 

4. Create a yeast expression system containing a URA 3 marker within the pB3RQ39 vector 

backbone that expresses the tetraloop and trihelix structure. Screen for in vivo processing 

in the cdc9-1 mutant, the rlg1-4 mutant, and rnt1Δ strain.  
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Appendix  

Appendix Table 1: All Oligonucleotides used throughout this study  

Oligonucleotide  Sequence (5’-3’) 
112Fa ACTGGCAAAAAGGACGGTGGGGA 
259R GTAGCCGAAGCGACAGCGCAAAGG 
2F CCTGTGGTTCACACCTGACCTCC 
MB1R TCGGCCGCTGGGCACTCC 
ActF GGTATTCTCACCAACTGGGACG 
M13 F GTAAAACGACGGCCAG  
M13 R CAGGAAACAGCTATGAC 
T7 prom F GAAATTAATACGACTCACTATA   
TB110 down R AATTCCGGGGATCCCTGAAGCGCTCC 
T7 prom F GAAATTAATACGACTCACTATA 
TB112 down R GCCACCTGACGTCTAAGAAACC 
T7ActR GTAATACGACTCACTATAGGCGACGTAACATACTTTTTCCT

GATGT 
SCR1F TGGCCGAGGAACAAATCCTT 
T7ScR1R GTAATACGACTCACTATAGTTAAACCGCCGAAGCGATCA 
T7 PSTVd dim F TAATACGACTCACTATAGGTACGTACTG 
PSTVd dim R GGG ACAGAGGTCCTCAG 
Delta BstX1 d F CGTCGTCCACTCGGATG 
Xho nru bb R GAAAGGCTCGAGTCGCGATCATTAGGCACCCCAGG 

a Forward primers (ending in F) have the same sequence as the transcribed RNA. 

bItalicized letters indicate the introduced T7 promoter sequence. 
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Appendix Table 2: All Plasmids used in this study 

plasmid relevant genotypea constructb RNA Reference 
p13/119  PSTVd monomer Mon IVT This work 
p15/14  PSTVd dimer Dim IVT This work 
pTB110  parent pRH701 TL IVT (88) 
pTB112  PSTVd trihelix triH IVT This work 
pCR2.1_TOPO  HH-PSTVd monomer-HP  (167) 
pB3RQ39 TRP1, CEN4, PGAL1  BMV (180) 
pXP722 URA3, CYC1, 

CEN6, PGAL1’  
  (219) 

pTBO_TL TRP1, CEN4, PGAL1 PGAL1-PSTVd tetraloop- TBO TL This work 
pTL URA3, CYC1, 

CEN6, PGAL1’  
PGAL1’-PSTVd tetraloop--
cyc 

TL This work 

pTL#1 URA3, CEN6, 
PGAL1’  

PGAL1’-PSTVd tetraloop- TL#1 This work 

pTL2A URA3, CEN6, 
PGAL1’ ’ 

PGAL1’-PSTVd tetraloop-’ TL2A This work 

pTL4B URA3, CEN6, 
PGAL1’ * 

PGAL1’-PSTVd tetraloop-* TL4B This work 

pTL3 URA3, CYC1, 
CEN6, PGAL1* 

PGAL1*-PSTVd tetraloop--
cyc 

TL3 This work 

pTBO triH TRP1, CEN4, PGAL1 PGAL1-PSTVd trihelix- TBO triH This work 
ptriH URA3, CYC1, 

CEN6, PGAL1’ 
PGAL1’-PSTVd trihelix--cyc triH This work 

ptriH#14 URA3, CEN6, 
PGAL1’ 

PGAL1’-PSTVd trihelix- triH This work 

ptriH3 URA3, CYC1, 
CEN6, PGAL1* 

PGAL1*-PSTVd trihelix--cyc triH3 This work 

     
pTBO dim TRP1, CEN4, PGAL1 PGAL1-PSTVd dimer - TBO dim This work 
     
pTBO mon TRP1, CEN4, PGAL1 PGAL1-HH-PSTVd monomer-

HP 
TBO mon This work 

pIC115 URA3 RAT1-107::URA3 Rat 1 (181) 
a pGAL1=full GAL1 promoter; pGAL1’=GAL1 promoter without UAS1. Gal1*= deletion of 61 
bp between TATA and transcription start site 

b =delta ribozyme; HH=hammerhead ribozyme; HP=hairpin ribozyme;  

’= delta ribozyme + 31 bp vector sequence of TBO TL 

*= delta ribozyme + 131 bp vector sequence of TBO TL 
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Appendix Table 3:  All templates for IVT and riboprobes 

RNA Template Forward Primer Reverse Primer 
TL IVT pTB110 T7 prom F TB110 down R 
triH IVT pTB112 T7 prom F TB112 down R 
Dimer IVT p14/15 T7 PSTVd dim F T7 PSTVd dim F 
Mon IVT p13/119 M13 F M13 R 
(-) PSTVd riboprobe p13/121 M13 F M13 R 
(-) Actin YPH500 genome ActF T7ActR 
(–) SCR1 YPH500 genome SCR1F T7ScR1R 
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