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mRNA molecules form an intermediate in the transfer of sequences from DNA to 

ribosomes in order to guide protein production. Errors can be introduced into mRNA, producing 

aberrant proteins which place a strain on cellular regulatory machinery, causing increased risks 

of apoptosis, cancer, and decreased fitness. These errors may be introduced due to decreased 

transcriptional proofreading capabilities, exposure to chemicals, or mistakes in RNA editing 

machinery. It is important to investigate these causes of transcription errors to better understand 

the long-neglected area of mRNA fidelity which has such significant impacts on our cellular 

functions. In this paper, it was determined that addition of adenine opposite from abasic sites, not 

genomic uracil pairing with adenine, are a probable cause of G-to-A transcription errors. That 

exposure to Roundup causes increased levels of transcription errors, potentially due to oxidative 

stress. And finally, that off-target ADAR gene editing of transcripts occurs at high levels.  
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CHAPTER I 

INTRODUCTION TO TRANSCRIPTION ERRORS  

1.1 Introduction 

Since its appearance in 1957, the Central Dogma of Biology has been used to describe the 

informational pathway in cells, wherein biological sequences prescribed by DNA are transcribed 

to RNA, following which the RNA sequences are translated into proteins, with these proteins 

bringing about cellular functions (Crick, 1958). As an integral part of this pathway, messenger 

RNA (mRNA) molecules are an important precursor in protein production since they convey 

sequence information from DNA in the nucleus to ribosomes in the cytoplasm in order to guide 

protein production.  

mRNA consists of a single-stranded sequence of ribonucleotides linked by 

phosphodiester bonds. The bases which form these mRNA sequences are the purines adenine (A) 

and guanine (G), and the pyrimidines cytosine (C) and uracil (U). Uracil replaces thymine (T), 

which is one of the two possible pyrimidines present in DNA. Adenine preferentially binds 

opposite to uracil (opposite to thymine in DNA), and guanine opposite to cytosine (Brenner et 

al., 1961).  

 mRNAs are formed by the transcription of genes by the RNA Polymerase II (RNA Pol 

II) complex, creating a sequence complementary to the copied DNA template strand. In the case 

of protein coding genes, this process produces a strand known as pre-mRNA, which in 

eukaryotes requires post-transcriptional processing to become functional. This may include 
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splicing to remove introns, addition of a RNA 7-methylguanosine cap to the 5´ end, addition of a 

Poly(A) tail to the 3´ end, post-transcriptional editing, and polyadenylation. While transcription 

and post-transcriptional processing occurs primarily in the nucleus, where the DNA is located, 

mature mRNA must be transported to the cytoplasm where ribosomes and transfer RNAs 

(tRNAs) are located for protein translation to be possible (Cooper, 2000).  

Following transport to the cytoplasm, mRNA molecules interact with the translational 

complex formed from ribosomal proteins and ribosomal RNAs (rRNAs) in order to be used as a 

template for protein translation. A single mRNA transcript can be translated multiple times 

before it is degraded (Cooper, 2000).  

Due to this transport of information from the genome in order to produce the proteome, 

mRNA is a completely integral part of cellular function.   

1.2 mRNA Fidelity- an Underexplored but Vital System 

Despite the importance of mRNA for cellular life as we know it, little research has been 

done on the fidelity of this vital system until relatively recently. This is primarily due to the 

historical lack of reliable technologies for studying mRNA transcription fidelity, but also in part 

due to the assumption that mRNA, given its transient characteristics, is less important and affects 

cellular health less than DNA or proteins do.  

This latter assumption is due to the extremely short half-life of mRNAs compared to that 

of proteins and DNA, and was applied to low-level or single mRNA errors, not those which 

occurred at an extremely high frequency. While a DNA mutation can be passed on to daughter 

cells or offspring, and proteins can survive in cells for long periods of time, mRNAs exist for 

only seconds to minutes on average, leading to the erroneous supposition that low-level or single 

errors do not persist in the cell for long enough to cause real damage to cellular health 
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(Baudrimont et al., 2017). This assumption has been proven to be incorrect. To the contrary, 

mRNA errors can cause increased risks of apoptosis, cancer, and overall decreases in health 

levels (Anagnostou et al., 2021; Baysal et al., 2017; Brégeon & Doetsch, 2011; Kapur & 

Ackerman, 2018; Vermulst et al., 2015). The effects of mRNA errors on cellular health outcomes 

has been thought to be due to a few different interrelated issues. First, a mRNA with an error in it 

may produce aberrant proteins. In addition to the cellular costs of producing these transcripts as 

well as the resulting proteins, which may have reduced, absent, or harmful functions, the 

detection and removal of increased levels of error-filled transcripts and faulty proteins places a 

strain on the cellular regulatory machinery which are tasked with their detection and removal. 

This reduces the ability of cells to respond to other internal or external stressors and properly 

regulate internal processes, making it difficult to maintain homeostasis.  

For these reasons, it is important to understand more regarding transcription errors and 

how they affect cellular and organismal health.  

While the existence of mRNA as an intermediary between DNA and proteins was posited 

by Brenner, Crick, and Jacob in 1960, and evidence proving it a reality was published in 1961 

(Brenner et al., 1961), mRNA was only first successfully sequenced in 1977 (Hong et al., 2020). 

In the years following, mRNA and cDNA sequencing was primarily used to determine intron and 

exon locations, then progressed to gene expression assays. Despite this, mRNA fidelity remained 

difficult to analyze. Only extremely high-level mRNA errors were reliably detectable, making it 

impossible to determine the actual state of mRNA errors during any given experimental 

condition. While advancements in technology such as Next-Generation sequencing and single-

cell sequencing improved the toolbox available for mRNA researchers, drawbacks in these 

techniques still made it impossible to distinguish low-level “background” RNA errors from 
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reverse transcription errors due to base misincorporation by reverse transcriptases, or from 

erroneous base calls due to the sequencing methods themselves (Hong et al., 2020). It was not 

until the late 2010s that ultra-high-fidelity sequencing methods were developed based on the 

replication methods of small circular genomes, such as those in some bacteriophages, viroids, 

and plasmids. This sequencing method is referred to as Circle-Seq, or Rolling Circle 

Amplification. 

In normal circular replication, the double-stranded DNA or genomic RNA is nicked to 

open a single-stranded section. Replication proceeds around the circular genome, displacing the 

original second strand and forming a new one. When replication reaches the origin point, three 

complete strands of the genetic material are present—one single strand displaced from the 

original, and one double strand composed of one original and one new strand. The single strand 

is then replicated again, forming a new double-stranded copy of the genome (Kusumoto-Matsuo 

et al., 2011). This process was appropriated for use in RNA sequencing. The mRNA produced by 

the cells under experimental conditions is fragmented, and the 5´ and 3´ ends of these linear 

fragments are ligated together, which transforms each linear fragment into a circular fragment. 

These circular sequences are then reverse-transcribed by a reverse transcriptase, which does not 

halt the reverse-transcription process when reaching the origin point, due to its ability to displace 

the newly-synthesized second strand. This allows the reverse transcriptase to proceed around the 

circularized mRNA fragment several times, producing a long cDNA strand in which the original 

sequence from the circularized mRNA is repeated several times. This allows the sequence from 

each mRNA to be compared back against itself. If an error is present in each of the repeated 

sequences, then it is most likely a legitimate mRNA error produced in the cell. If it is present in 

only one of the repeats, then it is a reverse transcription or sequencing error, and can be removed 
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from the data pool during bioinformatic processing (Figure 1.1). This allows for ultra-high-

fidelity quantification of transcription errors, as well as detection of singly-occurring errors, 

which is something that is not possible with currently available conventional sequencing 

methods (Fritsch et al., 2018; Gout et al., 2013, 2017; Tsai et al., 2017). Discovery of Rolling 

Circle Amplification has therefore revolutionized transcription fidelity research, allowing great 

advancements in this field.  
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Figure 1.1 Comparison of Traditional and Rolling Circle Sequencing 

Comparison of Traditional and Rolling Circle sequencing amplification methods. The wavy line 

represents an mRNA sequence. The red star represents a legitimate error, the yellow square 

represents a reverse transcription error, and the green circle represents a sequencing error. 

Rolling Circle amplification allows self-comparison of the original mRNA sequence, meaning 

that any errors of non-cellular origin can be cleared from the final sequence, giving much higher 

accuracy in determining the true number and type of RNA errors than is produced by traditional 

sequencing methods.  
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1.3 mRNA Errors  

During an mRNA transcripts lifetime, errors may occur which may lead to sequence 

differences in the amino acid composition of the resulting proteins, and in turn cause alterations 

in their function. mRNA errors occur when a difference arises between the “normal” sequence 

prescribed by the template DNA, and the sequence delivered by an mRNA molecule to the 

ribosome for protein production. During transcription, these errors may arise due to various 

reasons such as damage to DNA nucleotides altering preferential base pairing or interfering with 

the normal function of RNA Pol II, simple base misincorporation mistakes made by wild-type 

RNA Pol II, or RNA Pol II mutations which decrease fidelity. In addition, RNA damage due to 

chemical or physical means, as well as off-target RNA editing by ADAR or APOBEC-driven 

editing mechanisms, may occur post-transcriptionally, leading to mRNA sequence errors which 

could be detrimental to cellular health and functions (Anagnostou et al., 2021).  

When DNA damage occurs, a nucleotide may be damaged and altered to form a non-

standard nucleotide which is not one of the normal bases A, T, C, or G. Non-standard bases may 

interact differently with DNA replication or RNA transcription machinery compared to their 

non-damaged precursors, pairing preferentially with a different nucleotide or ribonucleotide than 

the original nucleotide at that location would have. If these mutations are not immediately 

removed and replaced, then transcription of the mutated nucleotide may occur, leading to an 

mRNA with a non-standard sequence (Brégeon & Doetsch, 2011).  

When mRNA is transcribed by an RNA Pol II complex, mismatches may occur. The 

frequency of RNA Pol II mismatches, as well as reduced proofreading capabilities to identify 

and repair these errors, may increase when RNA Pol II mutations are present. While certain 

RNA Pol subunits and transcription factors are not integral for the function of the transcriptional 
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complex as a whole, their loss greatly reduces fidelity, either by increasing the incidence of 

mismatches or by reducing the ability of the affected RNA Pol complexes to recognize and 

repair mismatches when they occur. Some of these include the knockout of RNA Pol II subunit 

RPB9, the point mutation of RNA Pol II subunit RPB1-E1103G, and as is discussed below in 

Chapter II, the knockout of RNA Pol II transcription factor TFIIS (also known as DST1). It is 

interesting to note that loss or alteration of function in these different transcriptional factors and 

subunits all lead to an increase in the G-to-A error rate compared to the control (Gout et al., 

2017).  

Finally, damage or off-target editing of pre-existing mRNA may occur. While normal 

mRNA editing may be necessary for some normal transcript function or proteome plasticity in 

some cases, such as during neurological development, these editing systems may go awry. When 

this occurs, mRNAs which are not usually targets of RNA editing may be modified by editing 

systems if they have enough sequence or structural similarity with the ordinary editing target. 

These editing events will act similarly to transcriptional errors or direct damage to mRNAs, 

given that they alter the normal mRNA sequence and thus the resulting proteins (Tonkin et al., 

2002). 
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CHAPTER II 

INVESTIGATING CONSEQUENCES OF GENOMIC URACIL ON  

TRANSCRIPTION FIDELITY IN C. ELEGANS 

2.1 Introduction 

Transcription errors generally occur due to three main causes; aberrant base insertions by 

RNA polymerase during transcription due to DNA damage sites, simple error on the part of RNA 

polymerase machinery, or mutations in the DNA itself leading to “nonstandard” mRNA 

sequence production. There exist certain knockout or point mutations in RNA Pol II which have 

been shown to greatly increase the rate at which these errors occur, or decrease the efficacy of 

error recognition and repair machinery.  

It might be expected that these errors are equally distributed, with each different type of 

point mutation occurring at roughly the same rate, but this was not found to be the case. (Gout et 

al., 2013, 2017). In all eukaryotic wild-type (WT) organisms studied so far, C-to-U errors were 

by far the greatest base-substitution RNA error discovered. This trend is almost exclusively 

driven by an increase in errors where guanine was replaced with adenine (G-to-A errors), leading 

to a paired increase in C-to-U errors (Gout et al., 2013, 2017).  In DNA, G-to-A mutations have 

been hypothesized to be due primarily to the presence of genomic uracil. In mutant model 

organism strains where RNA Pol II mutations lead to decreases in proofreading, functionality, 

and fidelity, (G-to-A errors) were much more commonly found than all other types of errors, as 



 

10 

well as being greatly increased in comparison to the G-to-A error levels found in WT individuals 

(Gout et al., 2013, 2017).  

The actual cause of these G-to-A errors in mRNA, and their impact on cellular health, is 

currently unknown. 

2.2 G-to-A Errors and Genomic Uracil 

During normal mRNA transcription, a cytosine (C) in the template strand of DNA would 

be paired with guanine (G) by RNA Pol II.  

If RNA Pol II mismatched the bases, a G-to-A error could occur if an adenine was added 

opposite of a cytosine instead of a guanine, transcribing the normal DNA sequence improperly. 

In order for this to explain the high levels of G-to-A errors, C-A pairings would need to be 

preferentially formed and maintained in comparison to all other types of mismatched base pairs. 

This could happen if C-A mismatch pairings were more stable than all other types of 

mismatches, however there is no evidence to suggest this. Additionally, there is no 

corresponding elevation in the A-to-G error rate, which might be expected were base pairing 

strength the force behind this phenomenon. Therefore, it is unlikely that RNA Pol II is simply 

mismatching cytosine with adenine at such a high frequency due to an affinity of these 

nucleotides for each other.  

In the case of DNA damage-caused G-to-A errors, a cytosine would deaminate to form 

genomic uracil. Cytosine is known to deaminate frequently to form genomic uracil 

spontaneously or when induced by chemical or physical means (Duncan & Miller, 1980; 

Kreutzer & Essigmann, 1998; Lewis et al., 2016; Sassa et al., 2016). Uracil (U) is a base which 

normally only is found in RNA, and which is generally paired preferentially with genomic 

adenine. It has been hypothesized that genomic uracil, in addition to other additional factors such 
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as abasic sites, may be responsible for G-to-A errors during DNA replication (Auerbach et al., 

2005; Hagen et al., 2006; Olinski et al., 2021; Sire et al., 2008). While this hypothesis has been 

explored in the context of DNA replication, it is still unclear how RNA polymerases process 

genomic uracil and abasic sites, so their relative contribution to transcription infidelity remains 

unknown. (Fadda & Pomès, 2011; Krokan et al., 2001, 2002).  

In WT organisms this change of cytosine to genomic uracil may be recognized by 

proofreading mechanisms during transcription, preventing G-to-A errors. The frequency of G-to-

A errors was shown to increase drastically in cells with impaired proofreading capabilities (Gout 

et al., 2013, 2017).  

Despite the logic behind the hypothesis that genomic uracil binding with adenine during 

RNA transcription is the primary cause of G-to-A errors, this may not actually be the case. An 

alternative hypothesis is that the presence of genomic uracil itself is not responsible for G-to-A 

errors, but rather specifically the presence of abasic sites formed during the removal of genomic 

uracil and DNA repair process (Figure 2.1).  

Adenines being inserted opposite from abasic sites during RNA transcription could 

potentially be due to a phenomenon similar to the A-Rule found in some species. The A-Rule 

states that in some species, adenine is preferentially inserted opposite from abasic sites during 

DNA replication (Laverty et al., 2017; Liu et al., 2018; Strauss, 1991). 
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Figure 2.1 Two Possibilities for G-to-A Error Formation 

Two hypotheses regarding the formation of transcription errors due to the presence of genomic 

uracil. (A). G-to-A transcription errors occurring as the result of base pairing between genomic 

uracil and adenine during transcription, and (B). G-to-A errors occurring as the result of aberrant 

adenine insertions at abasic sites. DNA=blue, RNA=red, genomic uracil=yellow, erroneous 

adenine=purple.  

2.3 C. elegans Strains 

In order to investigate the cause of this transcriptional phenomenon, a strain of 

homozygous double knockout (dHz-Δ) Caenorhabditis elegans worms was developed using two 

single-knockout strains obtained from the University of Minnesota Caenorhabditis Genetics 

Center. The chosen strains to create the dHz-Δ strain were UNG1-Δ and DST1-Δ.  
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The DST1 gene in Saccharomyces cerevisiae encodes Transcription Factor IIS (TFIIS), 

one of the transcription factors binding to RNA Pol II. It is associated with transcription 

initiation and fidelity (Awrey et al., 1997; Koyama et al., 2003; Malagon et al., 2004). Knockout 

of this gene had previously been shown to increase levels of transcription errors in C. elegans, 

likely by reducing stability of the RNA Pol II complex (Gout et al., 2017). While the exact 

mechanism for the associated reduction in transcription fidelity is unknown, there are two main 

possibilities. When DST1 is knocked out, RNA Pol II will lose the ability to backtrack and repair 

detected DNA damage or mismatches. This will cause the RNA Pol II complex to stall at the site 

of the impairment, however eventually the complex may bypass the site and proceed forward, 

thus incorporating an error which would, in the presence of the DST1 subunit, have been 

repaired. Alternatively, DST1 knockout may reduce stability of the RNA Pol II complex 

sufficiently to make it either more difficult for RNA Pol II to recognize damage or 

misincorporation, or easier for stalled transcription to immediately bypass these sites without 

waiting for repair. This would prevent recognition and repair of these areas, thus increasing the 

transcription error rate (Gout et al., 2017; Owiti et al., 2017). 

The UNG1 gene in Homo Sapiens encodes the gene Uracil-DNA Glycosylase (UDG), 

which excises uracil bases in the genome caused by cytosine deamination, forming abasic sites 

which are then recognized by repair mechanisms for template strand-based repair. It does this by 

scanning DNA for the presence of uracil. When a genomic uracil base is detected by UDG, it 

cleaves the glycosidic bond between the uracil and the phosphodiester backbone of DNA, 

removing it from the DNA strand. This creates an abasic site, which is a site on a DNA or RNA 

strand which contains neither a purine or pyrimidine base (Impellizzeri et al., 1991; Krokan et 

al., 2001; Sarno et al., 2019). In C. elegans, only two DNA glycosylases exist, UNG1, and 
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NTH1. While NTH1 can somewhat rescue the UNG1-∆ condition, the enzymatic activity is 

limited when applied to uracil excision, since it primarily acts to remove damaged thymine bases 

from the genome (Elsakrmy et al., 2020; Rao et al., 2014; Y. Yang et al., 2019). This means that 

many genomic uracil sites will not be excised by these DNA glycosylases, leading to a buildup 

of genomic uracil in the genomes of UNG1-∆ individuals, even under normal levels of cytosine 

deamination.  

2.3.1 Two Hypotheses 

If genomic uracil pairing with adenine during transcription is the cause of increased G-to-

A error rates, increased levels of genomic uracil should combine with proofreading-deficient 

RNA Pol II to increase the overall number of errors that are integrated into mRNAs. This would 

be expected to show a G-to-A error rate in the dHz-∆ condition higher than that found in either 

parent strain.  

If genomic uracil is not the direct cause of the observed high levels of G-to-A errors, but 

rather the presence of abasic sites, then knockout of UNG1 would prevent the formation of 

abasic sites, leading to fewer locations where the more error-prone RNA Pol II can make a 

mistake in transcription. This would be expected to show a G-to-A error rate in the dHz-∆ 

condition which is intermediate to either parent strain.  

2.4 Materials and Methods 

2.4.1 Transcription Error Analysis 

WT, UNG1-Δ, and DST1-Δ C. elegans worms obtained from the Caenorhabditis 

Genetics Center were grown in a 20 ⁰C incubator on agar plates with an E. coli lawn, in 

accordance with the protocols set out in the online nematode protocol repository WormBook 
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(Stiernagle, 2006). UNG1-Δ and DST-Δ strains of C. elegans were heat shocked in an incubator 

at 31.5 ⁰C for 5 hours in order to induce the development of male worms. 8-10 juvenile male 

UNG1-Δ worms were transferred to plates containing single juvenile hermaphrodite DST1-Δ 

worms. The worms were allowed to cohabitate until eggs were observed on the plates, following 

which the adult worms were removed, and the eggs reared until hatching to form the F1 

generation. Single F1 hermaphrodite worms were transferred to fresh agar plates and allowed to 

self-fertilize, forming the F2 generation. Single F2 hermaphrodite worms were transferred to 

fresh agar plates and allowed to self-fertilize, forming the F3 generation. By the F2 generation, 

individuals carrying a double homozygous knockout for both the UNG1-Δ and DST1-Δ genes 

would have these knockouts fixed in the population, however a sufficient quantity of these 

double homozygous knockout individuals would be required for DNA extraction and PCR 

amplification, necessitating the production of the F3 generation. PCR confirmation of double 

homozygous knockout strain dHz-Δ was performed using an Extract-N-Amp kit (Sigma-Aldrich) 

followed by gel electrophoresis (Figure A.7).  

All four worm strains were reared for four days, to ensure a sufficient quantity of adult 

worms for RNA extraction. Eight agar plates of worms were used per replicate. Worms were 

gently washed from the plates using 2mL deionized water and collected in 15mL tubes. The 

collected worms were gently centrifuged to pellet, before removing the supernatant. This process 

was repeated two more times in order to remove contaminants and produce clean worm samples. 

A final centrifugation formed 100µL worm pellets. Replicate 100µL worm pellets were lysed 

using a RiboPure kit (Thermo-Fisher) and Phenol:Chloroform:Isoamyl alcohol (Ambion), and 

placed in 1.5 mL screw cap tubes containing ice-cold zirconia beads (Thermo-Fisher). These 

tubes were vortexed at maximum speed for 10 minutes in order to lyse cell walls. Following 
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extraction of the resulting supernatant, DNA and RNA contamination was removed using DNase 

I (Thermo-Fisher) and oligo(dT) beads (Thermo-Fisher), respectively. Fragmentation of the 

mRNA prior to circularization was performed using RNase III (Thermo-Fisher), followed by 

cleanup using an Oligo Clean & Concentrator kit (Zymo). mRNA fragment circularization was 

achieved using a 2-hour ligase protocol, followed by a reverse transcription protocol employing a 

reverse transcriptase with strand displacement capabilities (Thermo-Fisher). Second strand 

synthesis and end repair were performed on the resulting cDNA. Successful completion of the 

Rolling Circle protocol was determined using TapeStation (Aligent) electrophoresis to quantify 

the resulting cDNA fragment size, and Qubit Fluorometer (Invitrogen) fluorescent quantification 

of RNA, mRNA, and cDNA abundance. The entire Rolling Circle protocol was performed in 

accordance with the protocol set out in (Fritsch et al., 2018).  

Following completion of the Rolling Circle protocol, cDNA samples were sent for 

sequencing at the University of New Hampshire Hubbard Center for Genome Studies. 

Bioinformatics analysis was performed by Dr. J-F Gout as recommended in (Fritsch et al., 2018; 

Gout et al., 2017).  

2.4.2 Longevity and Motility Assay  

WT, UNG1-Δ, DST1-Δ, and dHz-Δ strain C. elegans worms were reared in accordance 

with the protocols set out in the WormBook (Stiernagle, 2006) until gravid hermaphrodites were 

observed in the population. A bleach synchronization was performed (Porta-de-la-Riva et al., 

2012). This exposed plates of worms which contained a number of gravid hermaphrodites to a 

solution containing 0.8% bleach for 3 minutes, before pelleting the worms, removing the 

supernatant containing bleach, and washing the worms three times using M9 buffer in order to 

remove any traces of bleach remaining on the pellets, which were then re-plated on fresh agar 
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plates. The bleach solution kills the adult worms, but does not kill the unhatched eggs, forming a 

colony of individuals which are all the same age. From this cohort, 16-17 juvenile worms were 

transferred to 10 agarose plates per strain, forming populations of 160 worms in the WT, DST1-

Δ, and dHz-Δ strains, and 161 in the UNG1-Δ strain.  

The day of transfer was designated as day 0 of the experiment. Worms were retransferred 

to fresh plates daily in order to prevent confusion between the original worms from day 0 and 

their offspring, until reproduction had ceased, following which checks were performed daily for 

deceased worms. All dead worms were removed from the plates once daily. ≥12 timelapse 

images of each plate taken at 1-second intervals were obtained on days 2, 3, 8, 9, 14, and 15 of 

the experiment, and analyzed to obtain motility data using FIJI (Image J) software (Amrit et al., 

2014; Mack et al., 2018; Schindelin et al., 2012; Weaver et al., 2017; J.-S. Yang et al., 2011).  

2.5 Results and Discussion 

2.5.1 Transcription Error Rates 

2.5.1.1 First Hypothesis- Genomic Uracil  

If the first hypothesis, namely that high G-to-A error rates are caused by the pairing of 

genomic uracil with adenine during transcription, were to be correct, certain transcription error 

rate patterns would be expected from the different C. elegans strains tested in this study.  

The expectation would be that the UNG1-∆ strain would have high G-to-A error rates 

compared to the WT control due to high amounts of genomic uracil, and that the DST1-∆ strain 

would also have high G-to-A error rates compared to the control due to reduced transcriptional 

proofreading and fidelity. Finally, that the dHz-∆ strain, having a combination of both of these 

traits, should have had a significant increase in the G-to-A error rate compared to either of the 

two parent strains, UNG1-Δ and DST1-Δ, as well as compared to the control.  
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This was not the case. In fact, while the dHz-Δ strain G-to-A error rates were much 

higher than were found in the WT or the UNG1-Δ strain, they were significantly lower than 

those present in the DST1-Δ strain. The DST-∆ G-to-A error rate increased 15 times compared to 

the WT control, while the dHz-∆ G-to-A error rate was only increased 11 times compared to the 

WT strain (Figure 2.2).  

These results are not in line with the hypothesis that genomic uracil was paired with 

adenine by RNA Pol II during transcription.  

2.5.1.2 Second Hypothesis- abasic Sites 

This hypothesis posits that abasic sites, not the presence of genomic uracil specifically, 

are responsible for the transcription error patterns observed in these nematode strains.  

In this case, the expectation would be that the UNG1-Δ condition would prevent excision 

of genomic uracil, preventing the formation of abasic sites in the genome. If RNA Pol II were 

truly matching adenines with abasic sites formed by the removal of genomic uracil, possibly due 

to a phenomenon similar to the A-Rule in DNA replication, this would cause a reduction in the 

number of observed G-to-A errors where the UNG1 knockout has occurred due to a reduction in 

abasic site numbers.  

This hypothesis is upheld by the G-to-A transcription levels observed in this study 

(Figure 2.2). The number of G-to-A errors in the dHz-Δ condition are intermediate to either 

parent strain, though still higher than those found in the control. It is also interesting to note that 

G-to-A errors in the UNG1-Δ strain were found to be 0.75 times that of the WT condition, which 

would be expected if this hypothesis were correct.  

While the UNG1-Δ knockout produced other effects on organismal health, as evidenced 

below in the discussion regarding motility and longevity, it seems apparent that in some cases it 
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may reduce overall transcription error rates slightly compared to the WT and significantly when 

other factors are in play as is the case in the dHz-Δ condition. 

 

Figure 2.2 Strain Error Rate Comparison in RNA Polymerase II Transcriptional Landscape  

Transcriptional landscape depicting comparative mRNA error types in transcripts produced by 

the action of RNA polymerase II in dHz-∆, DST1-∆, UNG1-∆, and WT (control) C. elegans 

strains. Error bars are standard deviation.  

2.5.2 Motility and Longevity Assay:  

While transcription errors may be transient and produce no permanent effects from an 

evolutionary standpoint, they can still produce lasting effects on an individual’s health and 

longevity.  
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Differences in motility are often taken as a representative of overall health in comparison 

of C. elegans populations.  

It must be noted that high-motility strains are likely to produce a large number 

individuals which crawl off of the agar plates they are on and die from dehydration. This death is 

unrelated to the experimental conditions they were initially placed under, leading to the 

requirement to treat them as censors. Ordinarily, censoring is done as a way to alleviate the 

effects of this type of experimental confound, however when they occur at high levels they will 

still impact the resulting survival data. Due to this issue, highly motile strains may have notable 

early-term depressions in survival curves compared to those with lower motility. This is partially 

due to the individuals which were most active, and thus most “healthy” leaving the population 

via the edge of the plate. This will therefore skew the longevity of these strains to be lower than 

would have otherwise been seen. In populations where health/motility is highly variable, lower-

than-actual health may be presented in the results, since it will be the least healthy/motile worms 

which remain on the plate to be analyzed, while the most healthy/motile worms have been lost as 

censors.  

In this experiment, the strains were determined to have statistically significant differences 

in motility only between the DST1-Δ and WT strains on day 3 of the experiment, however the 

pattern displayed was intriguing nonetheless.  

2.5.2.1 Motility, Longevity, and Death Rates 

On day 3 of the experiment when all worm strains exhibited the highest motility levels, as 

well as the only timepoint at which significant differences in motility were noted between the 

worm strains, the DST1-∆ and dHz-∆ strains exhibited the lowest motility levels (Figure 2.3). 

These two strains had previously been determined to have very high G-to-A error rates (Figure 
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2.2), indicating that significant increases in G-to-A errors may have a detrimental effect on 

motility levels.  

Due to high censor population percentages (Figure 2.6), it is more helpful to look at the 

relative death rates for each nematode strain (Figure 2.5) than it is to look at the longevity curves 

(Figure 2.4), since the relative death rate is not as impacted by censors. In this figure, it can be 

seen that the DST1-∆ strain has the highest relative death rate, while the WT strain has the 

lowest for the majority of the survival assay. 

2.5.2.2 Statistical Differences in Longevity 

Statistical differences in longevity (P ≤ 0.05) overall in the survival assay were found 

between the WT and DST1-∆ (P-value = 0.007), and the WT and UNG1-Δ (P-value = 0.004) 

strains only (Table 2.1). There was no statistical difference between WT and dHz-Δ observed (P-

value = 0.0718).  

Intriguingly, at the early stages of the study, there was a significant difference between 

the WT and UNG1-Δ strains (P-value = 0.0096), as well as between the dHz-Δ and UNG1-Δ 

strains (P-value = 0.014), but this lost statistical significance three-fourths of the way through the 

experiment (Table 2.2).  

In contrast, the WT and DST1-Δ (P-value = 0.0006), dHz-Δ and DST1-Δ (P-value = 

0.0008), and UNG1-Δ and DST1-Δ (P-value = 0.0146) strains which lacked significance at the 

onset of the experiment, gained it by the end (Table 2.2).  

This may indicate that throughout the lives of these C. elegans strains, the mutations 

present in the dHz-Δ, DST1-∆, and UNG1-Δ strains have variable effects on the health of each 

strain. In early and late life stages, health levels fluctuate, leading to the appearance and 

disappearance of statistical differences between the strains seen here (Table 2.2), however 
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overall these mutations were not significant enough to cause differences between the majority of 

the strains in the entire experiment.  

In the dHz-Δ strain, it is possible that variances in individual worm health may be present 

due to interactions between the two knockouts present in this strain. This would allow for the 

censor activity seen in dHz-Δ worms (Figure 2.6), which suggest a high level of worm 

movement, to be combined with the information present in the motility results (Figure 2.3) which 

suggest relatively low worm movement in comparison with the WT strain. If variances in 

phenotype as evidenced by motility were present in this strain, then a large proportion of the 

most motile individuals could have left the plate and been censored, while the individuals 

remaining on the plate would be those which were more negatively affected by the mutations and 

therefore less motile, explaining the contrast between the censor and motility data shown here. 
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Figure 2.3 C. elegans Strain Motility Comparison Over Time 

Figure depicts average distance traveled (µm) by each C. elegans WT (control), DST1-Δ, dHz-Δ, 

and UNG1-Δ strain. Error bars are standard deviation. 
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Figure 2.4 C. elegans Strain Population Survival Over Time 

Figure depicts proportion of population survival for C. elegans WT (control), dHz-Δ, DST1-Δ, 

and UNG1-Δ strains over time 
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Figure 2.5 C. elegans Strain Relative Death Rates Over Time 

Figure depicts the relative death rates for C. elegans WT (control), dHz-Δ, DST1-Δ, and UNG1-

Δ strains over time 
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Figure 2.6 C. elegans Strain Population Percent Censored Individuals  

Figure depicts the percentage of censored individuals for each strain population in the motility 

and longevity assay. C. elegans strains WT (control), DST1-Δ, UNG1-Δ, and dHz-Δ. 

Table 2.1 Survival Time F-Test C. elegans Strain Comparison 

 
Survival Time F-Test for motility of C. elegans WT (control), DST1-Δ, UNG1-Δ, and dHz-Δ 

strains. (J.-S. Yang et al., 2011). 

* Denotes significance levels ≤0.05 
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Table 2.2 Fisher’s Exact Test C. elegans Strain Comparison 

 
Fisher’s Exact Test for motility of C. elegans WT (control), DST1-Δ, UNG1-Δ, and dHz-Δ 

strains. (J.-S. Yang et al., 2011). 

* Denotes significance levels ≤0.05 

2.6 Conclusions 

Transcription errors have historically been considered transient, and therefore not as 

significant a risk to health and longevity as things such as DNA mutations, however recent 

breakthroughs in RNA technology have allowed further research into the effects of these 

seemingly insignificant errors. One of the most common types of errors, guanosine-to-adenine 

(G-to-A) errors, has long been thought to be caused by the pairing of genomic uracil caused by 

cytosine deamination with adenine during DNA replication, and thus might be assumed to follow 

the same patterns during transcription. The findings of the experiments presented in this paper 

indicate that this assumption may be incorrect—it suggests that this phenomenon is instead due 

specifically to adenine being inserted opposite from abasic sites. abasic sites are formed as part 

of the base excision and repair process in response to genomic uracil. While these abasic sites 

will be formed in greater numbers when greater amounts of genomic uracil are present in DNA, 

our evidence suggests that genomic uracil itself is not being directly paired with adenine during 

transcription, and therefore is not the direct cause of G-to-A errors. It is currently unknown what 

may be preventing the preferential pairing of adenine with genomic uracil during transcription, 
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since adenine is normally paired with uracil by RNA Pol II, however it is important to note that 

genomic uracil is formed by the deamination of cytosine, leading to the possibility that there are 

structural differences between uracil and genomic uracil. This could reduce the stability in a GU-

A pairing in comparison to the bond strength normally seen in a U-A pairing.  

Halting the production of abasic sites through Uracil DNA Glycosylase knockout helps to 

“rescue” the condition of error prone individuals who lack TFIIS proofreading capabilities, 

reducing the overall levels of errors present in the dHz-Δ strain compared to the DST1-Δ parent 

strain. While the effects of this rescue seem to be non-uniformly distributed throughout the dHz-

Δ strain, causing differences in individual motility as indicated by the disparity between censor 

numbers and motility assay findings, it seems to decrease the death rate to one closer to that of 

the WT control, despite the increased levels of transcription errors which are more comparable to 

the DST1-Δ parental strain. Reduced transcriptional proofreading capabilities in the presence of 

genomic uracil, such as is found in the DST1-Δ strain, causes both significantly reduced motility 

and late-term longevity. These findings suggest that transcription errors can have a significant 

effect on health and longevity, as well as reveal a hitherto unknown mechanism behind one of 

the most common of these errors.  

Future research which may further understanding of this phenomenon could include a 

double knockdown of NTH1 and UNG1, to investigate effects of a total loss of UDG activity. 

Induction of cytosine deamination in the DST1-∆, UNG1-∆, and dHz-∆ condition to observe 

how these strains function under high deamination conditions, such as those which may be 

expected under environmental stress. And finally, exposing a short DNA sequence containing a 

genomic uracil in a known location to RNA Pol II in the presence or absence of a UDG, in order 

to clearly determine the preferences of genomic uracil pairing. 
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CHAPTER III 

MORTALITY, TRANSCRIPTIONAL FIDELITY, AND GENE EXPRESSION IN  

C. ELEGANS AND S. CEREVISIAE EXPOSED TO THE GLYPHOSATE 

BASED HERBICIDE ROUNDUP 

3.1 Background 

For many years, glyphosate-based herbicides (GBHs) have been the center of a debate 

concerning their potential ability, or lack thereof, to cause cancer and other diseases.  

While the Environmental Protection Agency (EPA) as well as multiple research groups 

have released reports concluding that glyphosate does not cause DNA mutations (De Roos et al., 

2003; EPA, 2018; Tarazona et al., 2017), other research groups are unsure whether or not it may 

cause cancer (Andreotti et al., 2018; Benbrook, 2019; Zhang et al., 2019). Many other research 

groups have reached the consensus that glyphosate does increase the risk of developing certain 

types of cancer, as well as many other health issues, in animal models. Despite this, there is still 

limited evidence to support this hypothesis in humans.  

The main disease correlated with long-term GBH use in humans is an increased chance of 

developing non-Hodgkin’s lymphoma, however disorders in animal models exposed to GBHs 

include anemia, benign and non-benign tumors, gastrointestinal disorders, and birth defects 

(Eriksson et al., 2008; George et al., 2010; IARC, 2017; Samsel & Seneff, 2013; Schinasi & 

Leon, 2014; Suárez-Larios et al., 2017; Wang et al., 2019). 
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Monsanto and Bayer, Monsanto’s purchaser, settled tens of thousands of lawsuits 

concerning these side effects in 2020 with a ten-billion-dollar settlement, indicating the 

importance of characterizing the consequences of GBH use. Multiple countries have banned the 

use of GBHs in certain capacities, including Saudi Arabia, Australia, and parts of Europe. 

Despite this legal and regulatory action, the actual effects of GBH exposure in humans, and the 

mechanisms which could be behind the effects seen in animal models, are still under debate.  

3.2 Glyphosate and Glyphosate-Based Herbicides  

Glyphosate, otherwise known as N-phosphonomethyl glycine, is derived from glycine, an 

amino acid. Glyphosate was first synthesized in 1950 by Dr. Henri Martin, but the discovery 

went unpublished. The company Dr. Martin worked for was sold, and the rights to glyphosate 

were acquired by Monsanto and developed into the GBH Roundup used today in 1970. 

Following development of Roundup Ready crops, use of Roundup and other GBHs increased 

rapidly in the agricultural community, and it has become ubiquitous in the US and other 

countries for crop and weed control (Dill et al., 2010). It was described as the “virtually ideal” 

herbicide in part due to its purported safety (Duke & Powles, 2008), and has been touted as “safe 

enough to drink” by ecologist Dr. Patrick Moore in 2015, though he declined to demonstrate 

when offered a glass of the product.  

Glyphosate works by inhibiting the shikimate pathway, a metabolic pathway in plants, 

fungi, bacteria, and a few other domains, but not found in animal species. This pathway is 

necessary for the biosynthesis of vitamin B9, and the amino acids tryptophan, phenylalanine, and 

tyrosine. Function of this pathway is necessary for continued survival in organisms possessing it. 

Glyphosate binds tightly to phosphoenolpyruvate, preventing dephosphorylation and thus 

formation of chorismic acid, an amino acid precursor (Dill et al., 2010).  
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Although glyphosate is the active ingredient in these herbicides, another point of interest 

is the possibility that other ingredients in the formulation might be carcinogenic or otherwise 

toxic to animal models or humans, or might be interacting with glyphosate to enhance its 

carcinogenic or toxic potential when used (Defarge et al., 2018). Since most of the ingredients 

making up commercially available GBHs are proprietary and therefore unlisted, it is unknown 

what makes up anywhere from 2% to 50% of each different brand and formulation (Heilig, 

2012). This may be at least part of what is causing the debate concerning the actual carcinogenic 

effects of glyphosate, since if some studies are using pure glyphosate, and others are using off-

the-shelf products containing glyphosate, they may have different results. Due to these issues, 

and the fact that pure glyphosate is rarely if ever used outside of a research laboratory, this study 

uses one of the most popular off-the-shelf weed killers, Roundup® by Bayer rather than pure 

glyphosate. 

3.3 Glyphosate-Based Herbicides and pH 

GBHs such as Roundup are somewhat acidic, meaning that treatment with these 

herbicides may have other effects on organismal health due to an altered cellular environment, 

rather than any inherent toxicity.   

DNA and RNA react differently in acidic and basic conditions. DNA is known to be 

stable in a pH range of 5-9.5, however even a drop in pH from 7.4-6.5 can perceptibly affect 

DNA damage and repair, and an acidic pH can induce nucleotide protonation (Mallajosyula & 

Pati, 2007; Massonneau et al., 2018). RNA is stabilized by an acidic environment, with RNA 

structures strongest at a pH range of 4-7.5. Above this pH, RNA structures become increasingly 

susceptible to hydrolysis and alterations in transcriptional regulation (Bernhardt & Tate, 2012; 

Hall et al., 2008). Due to these different factors, there will be different levels of DNA and RNA 



 

32 

errors that occur as the cellular pH varies, and it cannot be reliably predicted what the ultimate 

outcome of pH variation will be in regard to transcriptional fidelity. Furthermore, most or all 

species may encounter environments with varying pHs naturally in the wild, which has led to the 

development of coping mechanisms for the resulting cellular changes. Using the model 

organisms used in this publication as an example, C. elegans is capable of surviving in a pH 

range of approximately 3 to 12, while S. cerevisiae can survive in a pH range of approximately 

2.5 to 8.5 (Cong et al., 2020; Khanna et al., 1997; Matthews & Webb, 1991; Orij et al., 2011).  

How the damage to the genome and transcriptome varies, and what type of damage occurs, will 

determine the overall impact on cellular and organismal health.  

3.4 Mechanism of Action 

While GBHs have been implicated in cancerous cell development in animal models, as 

well as displaying detrimental effects to single- and multi-cellular eukaryotic health and 

longevity in these models the mechanism of action for these effects is currently under debate.  

Despite some findings that glyphosate and glyphosate-based herbicides are safe and do 

no increase DNA mutation rates (EPA, 2018; Tincher et al., 2017), other research has shown that 

via oxidative stress and inflammatory pathway damages, DNA mutations can occur as a result of 

exposure to even low levels of these weed killers (George et al., 2010; Kwiatkowska et al., 2017; 

Suárez-Larios et al., 2017; Woźniak et al., 2020). These findings may not fully explain the broad 

range of diseases linked with GBH use in animal models. Inflammatory and oxidative stress 

pathways may be triggered by a number of reasons, and low levels of DNA damage alone cannot 

explain the many diseases glyphosate-based weed killers have been linked to. 

One possible explanation may be an increase in transcription error rates. Buildup of 

partially functional, nonfunctional, or aberrantly functional proteins and RNAs in cells causes a 
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burden to proofreading and regulatory machinery, and lead to breakdown of normal cellular 

function. This has been linked to cell death or the formation of various diseases, including 

precancerous and cancerous cells (Baysal et al., 2017; Brégeon & Doetsch, 2011; Chan et al., 

2020; DeOcesano-Pereira et al., 2018; Kung et al., 2018; Vermulst et al., 2015; H. D. Yang & 

Nam, 2020). Since these adverse effects are broad and transcription errors are difficult to 

quantify, they may be implicated in many otherwise difficult-to-ascertain mechanisms of action, 

as is the case when investigating how GBHs might be able to cause disease in animal models.  

3.5 Oxidative Stress and Inflammation Damage:  

Inflammation, and the oxidative stress which results from it, has been linked with 

numerous diseases, including cancerous cell formation, due to the DNA and RNA damage it 

causes. Roundup has been shown to cause inflammation and oxidative stress at even low levels 

of exposure. This makes oxidative stress and other inflammatory by-products a viable candidate 

for the root cause behind at least some of the health issues attributed to Roundup use 

(Degtyareva et al., 2013; Kay et al., 2019; Li et al., 2006; Pandey et al., 2019; Peillex & Pelletier, 

2020). Reactive oxygen species (ROS) produced during oxidative stress are strongly linked with 

damage to cytosine and guanine bases through oxidation and deamination, while acids produced 

by inflammatory cells have been shown to damage cytosine bases via halogenation (Degtyareva 

et al., 2013; Kay et al., 2019). Therefore, it is expected that cytosine and guanine transcription 

errors may be observed under experimental condition, if the hypothesis of oxidative stress under 

glyphosate exposure conditions is correct (Figure 3.1).  
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Figure 3.1 C-to-U Transcription Errors from Oxidative Stress 

Illustration of how C-to-U transcription errors may be caused by oxidative stress. A cytosine is 

damaged, forming an adenine analogue, which pairs with uracil during transcription, forming a 

C-to-U error in the RNA. 

3.6 Materials and Methods 

3.6.1 Transcription Error Rate Rolling Circle  

WT C. elegans worms obtained from the University of Minnesota Caenorhabditis 

Genetics Center were reared in a 20 ⁰C incubator on agar plates with an Escherichia coli lawn, in 

accordance with the protocols set out in the online nematode protocol repository WormBook 

(Stiernagle, 2006), until a sufficient quantity of adult worms were observed. They were then 

washed from the plates using M9 liquid media containing 5%, 1%, 0.1% and 0% (control) 

glyphosate. These different experimental concentrations were produced by mixing M9 media 

with commercially available Roundup concentrate containing 18% glyphosate. The ordinary use 

instructions for this Roundup product would create a solution containing 0.8 – 0.84% glyphosate.  

The nematodes were exposed to the four different experimental concentrations at room 

temperature for 60 minutes with gentle agitation. Following this, the worms were pelleted using 

gentle centrifugation before being resuspended in deionized water. This was repeated two more 

times in order to remove residual Roundup and other contaminants, and centrifuged to produce 
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100µL worm pellets. Replicates were purified and amplified in accordance with the protocol set 

out in (Fritsch et al., 2018), and described in detail above in section 2.4.1 of this paper. 

WT S. cerevisiae yeast were reared in liquid YPD media in a shaker-incubator at 30 °C 

until a sufficient opacity was observed, indicating a sufficient quantity of cells present in the 

media. They were then vortexed to isolate the yeast pellet, which was resuspended in YPD liquid 

media containing 5%, 1%, 0.1% and 0% (control) glyphosate. These different experimental 

concentrations were produced by mixing YPD media with commercially available Roundup 

concentrate containing 18% glyphosate. As above, the ordinary use instructions for this Roundup 

product would create a solution containing approximately 0.8% glyphosate.  

The yeast cells were exposed to these different experimental concentrations at 30 °C for 

60 minutes with gentle agitation. Following this, the cells were pelleted using centrifugation 

before being resuspended in deionized water. This was repeated two more times in order to 

remove Roundup and other contaminants, and the cells were finally centrifuged to produce clean 

100µL cell pellets. Replicates were purified and amplified in accordance with the Fritsch et al. 

protocol, as described in above in section 2.4.1 of this paper.  

Sequencing of the resulting nematode and yeast replicates was performed at the 

University of New Hampshire Hubbard Center for Genome Studies. Data pipeline analysis was 

performed by Dr. J-F Gout as recommended by (Fritsch et al., 2018; Gout et al., 2017). 

3.6.2 Nematode Short-Term Roundup Exposure 

C. elegans WT worms raised on agarose plates with an E. coli lawn according to the 

protocols set out in the Wormbook (Stiernagle, 2006) were washed from their plates using M9 

buffer mixed with commercially available Roundup concentrate and containing either 0.05% 

glyphosate, 0.1% glyphosate, 1% glyphosate, 5% glyphosate, or a control of 0% glyphosate. 
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They were placed in 15mL tubes and gently agitated for 1 hour before being centrifuged and 

washed with plain M9 buffer twice. They were then placed on plates lacking an E. coli lawn, and 

numbers of live vs. dead individuals in the same discrete area were determined manually based 

on the presence or absence of movement.  

3.6.3 Nematode Long-Term Roundup Exposure  

On the first day of the experiment (day 0), 8 control (0% glyphosate) agarose plates 

containing E. coli lawns were seeded with a total of 65 C. elegans WT worms, 7 Roundup plates 

of 0.1% glyphosate with a total of 55 worms, 9 Roundup plates of 1% glyphosate with a total of 

75 worms, and 9 Roundup plates of 5% glyphosate with a total of 75 worms. Following transfer, 

each worm was checked to make sure it was motile, indicating survival following movement to 

the experimental plate. The day of transfer was designated as day 0. On the subsequent three 

days of the experiment, the number of living and deceased individuals was counted, and all 

deceased worms were removed from the plates. Relative motility levels and the presence, 

absence, and relative levels of reproduction were also visually noted.  

3.6.4 Yeast Short-Term Roundup Exposure  

Ten 15mL tubes containing 10mL YPD liquid media were seeded with 1mL WT S. 

cerevisiae and cultured at 28 C° with intermittent vortexing until a sufficient yeast pellet volume 

was achieved. 1mL of this culture was then added to 15mL tubes containing YPD liquid media 

and Roundup equaling 5% glyphosate, 1% glyphosate, 0.1% glyphosate, and 0% glyphosate, for 

a total of 10 replicates per experimental condition. Each tube contained a total volume of 10mL 

following addition of the yeast culture. Immediate OD600 measurements were taken on a 
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calibrated Thermo Scientific Genesys 20 Spectrophotometer (Thermo Scientific), with further 

measurements being taken at 60 minute intervals to form a total of 6 measurement points.  

3.6.5 Determination of Roundup pH 

The pH conditions S. cerevisiae and C. elegans were exposed to during the Roundup 

experiments above was determined by producing a batch of YPD liquid media, a batch of M9 

buffer, and a batch of agar plates containing 0% (control), 0.1%, 1%, or 5% glyphosate. These 

growth mediums were then tested using pH strips to determine the pH range of each glyphosate 

percentage point.  

The pH of the 0% and 0.1% glyphosate growth media, whether YPD, agar plates, or M9 

buffer was approximately pH 6.5, while that of the 1% glyphosate growth media was 

approximately pH 6, and that of the 5% glyphosate growth media was approximately pH 5.5.  

3.6.6 Nematode pH Exposure 

C. elegans WT worms raised on agarose plates with an E. coli lawn according to the 

protocols set out in the Wormbook (Stiernagle, 2006) were washed from their plates using M9 

buffer formulated using hydrochloric acid or sodium hydroxide to a pH of 3, 7, or 10. These pHs 

were chosen as they form the extreme acidic and basic survivable conditions, as well as the 

midpoint, for nematodes. The worms were exposed to these environmental conditions in 15mL 

tubes and gently agitated for 1 hour before being gently centrifuged to pellet the worms. The 

supernatant containing the pH-adjusted media was removed, and the worms were resuspended in 

deionized water. This was repeated two more times in order to remove remaining pH-adjusted 

media and other contaminants, in order to produce clean 100µL worm pellets. Replicates were 

purified and amplified in accordance with the Fritsch et al. protocol described in detail above in 
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section 2.4.1. Sequencing was performed at the University of New Hampshire Hubbard Center 

for Genome Studies. Data pipeline analysis was performed by Dr. J-F Gout as recommended by 

(Fritsch et al., 2018; Gout et al., 2017). 

3.6.7 Yeast pH Exposure 

WT S. cerevisiae yeast were reared in liquid YPD media in a shaker-incubator at 30 °C 

until a sufficient opacity was observed, indicating a sufficient quantity of cells present in the 

media. They were then vortexed to isolate the yeast pellet, which was resuspended in YPD liquid 

media formulated using hydrochloric acid or sodium hydroxide to a pH of 2.5, 5.5, or 8.5. These 

pHs were chosen as they form the extreme acidic and basic survivable conditions, as well as the 

midpoint, for yeast cells. The yeast cells were exposed to these environmental conditions in 

15mL tubes with gentle agitation for 1 hour before being gently centrifuged to pellet the cells. 

The supernatant containing the pH-adjusted media was removed, and the cells were resuspended 

in deionized water. This was repeated two more times in order to remove remaining pH-adjusted 

media and other contaminants, in order to produce clean 100µL cell pellets. Replicates were 

purified and amplified in accordance with the Fritsch et al. protocol described above in 2.4.1. 

Sequencing was performed at the University of New Hampshire Hubbard Center for Genome 

Studies. Data pipeline analysis was performed by Dr. J-F Gout as recommended by (Fritsch et 

al., 2018; Gout et al., 2017). 

3.7 Results  

3.7.1 Nematode Roundup Short-Term Exposure Results  

Significant differences in the numbers of dead individual C. elegans nematodes were 

noted during short-term exposure to Roundup between the control (0%), 1% glyphosate, and 5% 
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glyphosate exposure points. Significant differences in the number of live worms observed were 

only noted at the 5% glyphosate exposure point (Figure 3.2). LD50 was attained at 

approximately 1% glyphosate. These findings are somewhat surprising, given that nematodes 

lack the Shikimic Pathway, and thus should theoretically be immune to Roundup exposure. 

 

Figure 3.2 Roundup Short-Term C. elegans Percent Live Worms 

Depicts the percent of live C. elegans individuals observed following 1 hour of exposure to 

Roundup at 4 different glyphosate percentages, and a control lacking Roundup. LD50 attained at 

approximately 1% glyphosate. 

3.7.2 Nematode Roundup Long-Term Exposure Results 

Throughout the four-day long-term exposure to Roundup experiment, significant 

differences were noted at all three glyphosate levels as well as the control (Figure 3.3).  

On the initial transfer to the plates (day 0), all worms were observed to move normally. 

On day 1, 24 hours after being transferred to the plates, the worms present on 5% glyphosate 
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plates exhibited practically no movement whatsoever. A small number of tracks were evident on 

several of the plates, indicating that at least some movement had occurred before ceasing. No 

censors occurred on any of the 5% glyphosate plates throughout the experiment, making it likely 

that movement ceased completely very soon after transfer. No reproduction was observed on any 

of the 5% glyphosate replicates.  

Slight movement was observed on day 1 in the 1% glyphosate plates, with more tracks 

being present compared to the 5% plates. Due to increased movement levels, censored 

individuals occurred, with the majority of incidences occurring on day 1. By day 2, practically all 

movement had ceased, and no reproduction was observed in all but one of the replicates.  

Normal movement was maintained in the 0.1% plates throughout the experiment. Despite 

evidence towards censor activity (tracks to the edge of the plate, and a disappearance of adult 

worms) some limited reproductive capabilities were maintained, maintaining the population to a 

roughly steady level despite the observation of multiple dead worms over the course of the 

experiment.  

Over the course of the experiment, the control (0% glyphosate) plates showed a massive 

population boom, and no dead worms were observed on any of the three days following transfer. 

Motility was normal, and while no measurements were taken during the experiment, adult worms 

on control plates were noticeably larger than those on any of the three glyphosate percentage 

point plates, leading to the conclusion that in addition to motility and reproduction, growth and 

development of the nematodes had also been adversely affected by Roundup exposure despite 

the absence of a Shikimic Pathway in nematodes (Figure 3.3). 



 

41 

 

Figure 3.3 Roundup Long-term C. elegans Population Effects 

Depicts effects of Roundup exposure on C. elegans individuals over four days at three different 

glyphosate percentages (5%, 1%, 0.1%) and a control lacking Roundup (0%). Live worms, dead 

worms, and censored worms were included in population survival and growth rates. 

3.7.3 Yeast Roundup Short-Term Exposure Results 

Long-term exposure experiments performed with yeast cultures did not result in 

reportable data due to a total absence of reproduction in 5% glyphosate replicates, therefore only 

short-term exposure results are presented here.  

At 0% glyphosate (control) levels, population growth proceeded steadily upwards 

following a slight dip noted at the 60-minute mark, and followed what would be expected for the 

early stages of S-curve growth typical of yeast growth curves after transfer to fresh media. At 

just 0.1% glyphosate, growth proceeded very slowly, and did not exhibit the expected growth 

pattern. In the 1% and 5% exposure points, population growth was negative throughout, and after 
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300 minutes the 1% glyphosate group presented with statistically stagnant population, while the 

5% group had a significant drop in population from the initial transfer. This suggests that while 

even small amounts of Roundup at the 0.1% glyphosate experimental condition either a). kills a 

portion of the yeast cells but does not restrict reproduction, allowing the population to grow 

slightly, or b). does not kill many cells exposed to it, but reduces reproduction significantly. At 

higher (1% or 5% glyphosate) exposure points, the effect is more pronounced, leading to a 

steady decline in the population over even a short time period. 

 

Figure 3.4 Roundup Short-Term S. cerevisiae Population Effects 

Depicts relative effects of Roundup exposure on S. cerevisiae population growth and survival 

rates estimated via OD600 readings. Three different glyphosate percentages (5%, 1%, 0.1%) and 

a control lacking Roundup (0%). OD600 measurements taken over 6 timepoints at 60-minute 

intervals. 
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3.7.4 Transcription Error Rate Results 

3.7.4.1 Roundup Transcription Errors 

3.7.4.1.1 S. cerevisiae Roundup Transcription Errors 

S. cerevisiae RNA Pol II transcriptional landscapes exhibited a strong increase in C-to-U 

and G-to-A errors in the Roundup exposure samples when compared to the control. Furthermore, 

these transcription errors increased as the glyphosate exposure percentage increased, although 

the increase in transcription errors was not proportional to the increase in glyphosate (Figure 

3.5). 

 

Figure 3.5 Roundup S. cerevisiae RNA Polymerase II Transcription Landscape 

Transcription landscape depicting mRNA transcription errors produced by RNA polymerase II 

following S. cerevisiae treatment with three different glyphosate percentages (5%, 1%, 0.1%) 

and a control lacking Roundup (0%). Error bars: Standard deviation. 
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3.7.4.1.2 C. elegans Roundup Transcription Errors 

In contrast to the clear trends displayed in the S. cerevisiae RNA Pol II transcription error 

landscape, those found in C. elegans did not follow a consistent pattern. This may be due to the 

fact that while yeast cells possess a Shikimic Pathway which may be inhibited by glyphosate 

exposure, nematodes do not possess this pathway. While the C-to-U error rates displayed an 

increase in the Roundup glyphosate points when compared to the control, this trend did not 

smoothly follow as glyphosate exposure increased (Figure 3.6).  

G-to-A errors were not increased in any of the glyphosate exposure percentages, however 

at the 5% glyphosate point G-to-U errors were seen to be increased (Figure 3.6). 

 

Figure 3.6 Roundup C. elegans RNA Polymerase II Transcription Landscape 

Transcription landscape depicting mRNA transcription errors produced by RNA polymerase II 

following C. elegans treatment with three different glyphosate percentages (5%, 1%, 0.1%) and a 

control lacking Roundup (0%). Error bars: Standard deviation.  
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3.7.4.1.3 Comparison of Roundup Results 

These differences in transcription error patterns may be attributed to the presence of a 

Shikimic Pathway in yeast cells, but the absence of this pathway in nematodes. While the 

interruption of this pathway in yeast should not be expected to directly affect mRNA errors, the 

stress impact on these cells should be higher in S. cerevisiae than in C. elegans individuals.  

These findings indicate that exposure to Roundup does not directly affect transcription 

error rates, but rather interrupts the normal function of cellular biological processes. Given the 

differences in genetic composition and thus cellular processes present between yeast and 

nematodes, the effects of this disruption may manifest differently between the two species.  

Despite this, there is still a clear trend indicating that exposure to Roundup does increase 

overall transcription error rates, particularly at higher exposure points. The error with the most 

significant results, as well as the one which corresponded over both yeast and nematode 

experiments was the C-to-U transition error and to a lesser extent the G-to-U error. In 

combination with the high levels of G-to-A errors found in the yeast transcription error 

landscape, these findings correspond with the hypothesis that oxidative stress-caused DNA and 

RNA damage of cytosines may be responsible for at least a portion of transcription errors 

displayed here.  

3.7.4.2 pH Transcription Errors 

3.7.4.2.1 S. cerevisiae pH Transcription Errors 

In yeast, high levels of G-to-A and U-to-C RNA Pol II transcription errors were found 

under both acidic and basic conditions, but not in the midpoint (neutral) pH environment. C-to-A 

errors were found to be elevated at the neutral pH in comparison to the acidic and basic 

conditions, while C-to-U errors were elevated at the acidic pH in comparison to the neutral and 
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basic conditions (Figure 3.7). The general trend was for transcription error rates to be highest 

under acidic conditions, with acidic transcription errors forming approximately 42%, neutral 

errors 28%, and basic errors 30% of the total errors present 

 

Figure 3.7 pH S. cerevisiae RNA Polymerase II Transcription Landscape 

Transcription landscape depicting mRNA transcription errors produced by RNA polymerase II in 

S. cerevisiae at pH 2.5, 5.5, and 8.5. Error bars: Standard Error. 

3.7.4.2.2 C. elegans pH Transcription Errors 

In nematodes, basic environmental conditions produced the greatest amounts of RNA Pol 

II transcription errors. For the basic condition, C-to-G and G-to-A transcription errors displayed 

the greatest increase in comparison to the acidic and midpoint (neutral) conditions. Under acidic 

conditions, only G-to-U errors displayed a significant increase in comparison to the neutral and 

basic conditions. There were no cases where neutral conditions produced significantly high 



 

47 

numbers of transcription errors in comparison to the acidic or basic conditions (Figure 3.8). The 

overall proportions of each pH error were approximately similar, with acidic condition 

transcription errors forming roughly 31%, neutral errors forming 32%, and basic errors forming 

37% of the total errors present. 

 

Figure 3.8 pH C. elegans RNA Polymerase II Transcription Landscape 

Transcription landscape depicting mRNA transcription errors produced by RNA polymerase II in 

C. elegans at pH 3, 7, and 10. Error bars: Standard deviation.  

3.7.4.3 Roundup pH Growth Media Results 

0% glyphosate growth mediums YPD, M9 buffer, and agarose plates, were all found to 

have a pH of approximately 6.5-6.8. There was no discernable change in the 0.1% glyphosate 

condition, however at the 1% condition the YPD and agarose plate growth mediums dropped to a 
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pH of approximately 6, while the M9 buffer remained around a pH of 6.5. The 5% glyphosate 

condition decreased the pH of the YPD and agarose plates to a pH of approximately 5.5, while 

the M9 buffer lowered to a pH around 6.  

3.7.5 Combining pH Results and Roundup Results 

Given that DNA and RNA damage can arise due to changes in environmental pH, and the 

fact that Roundup is itself slightly acidic, one possible explanation for the transcriptional error 

rates found in C. elegans and S. cerevisiae is simply that these increases in mRNA errors were 

caused by the reduction in pH. Due to the fact that the Roundup growth media used in these 

experiments did not exhibit a pH of less than 5.5, it is unlikely that RNA damage was occurring 

due to a reduction in mRNA stability, however it is still possible that DNA damage arose as a 

result of the acidic nature of Roundup and the DNA depurination which could result. 

Given that the pHs tested during these experiments were much more acidic than the pHs 

found under Roundup exposure conditions, it would be expected that were an acidic pH a major 

driver of transcription errors, a much higher transcription error rate would be found in the 

extremely acidic pH assay replicates than in the Roundup exposure assay replicates. This was not 

the case.  

The increases in mRNA error levels present in nematodes and yeast exposed to Roundup 

were higher than those found in those exposed to an extreme acidic pH. In C. elegans, the rate of 

G-to-U errors in the pH 3 condition were 0.8 times that found in the 5% glyphosate exposure 

point, while in S. cerevisiae the rate of G-to-U errors at the pH 2.5 condition were 0.5 times that 

found at the 5% glyphosate exposure point. Given that the pH of the Roundup-containing growth 

media did not decrease below a pH of 5.5, it is likely that fewer transcription errors were 

occurring specifically as a result of environmental pH than were seen at the pH 3 and pH 2.5 
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conditions present in the pH assay. This leads to the conclusion that pH is not the primary driver 

in the transcription error rates and patterns observed following yeast and nematode exposure to 

Roundup.  

3.7.6 Gene Expression and Ontology Results 

The control (0%) vs. 5% glyphosate exposure experimental conditions showed the 

greatest differences in expression. While the overall gene expression patterns were not too 

different in nematodes (Figure 3.7), there was a clear difference in yeast heat plot gene 

expression (Figure 3.8).  

When observing significantly differentially expressed genes, an obvious trend can be 

seen regarding the phenotypic terms over-represented in S. cerevisiae and C. elegans replicates 

(Figure 3.9, Figure 3.10). In yeast, terms include those concerned with cellular fitness, response 

to oxidative stress, and reproduction. In nematodes, most of the terms involve reproduction in the 

form of embryonic development and fitness, though terms involving protein expression appear as 

well. From this, it can be seen that the most differentially expressed terms differ between the two 

species, but still primarily involve health and reproduction.  

When observing the overall gene ontology results for each species, the overall picture can 

be seen even more clearly (Figure 3.11, Figure 3.12). While these graphs cannot be compared 

between species, due to the fact that the results are relative to the experimental data and not on a 

fixed scale, they provide a more comprehensive depiction for the effect that Roundup exposure 

has on an organism’s health and longevity. Terms which appear make it clear that significant 

differences in binding capabilities, RNA and protein production, nuclear regulation, and 

oxidative stress responses were present between the control (0%) and 5% glyphosate exposure 

conditions. These findings thus provide further evidence to support the hypothesis that not only 



 

50 

does glyphosate exposure significantly impact many cellular functions, disrupting homeostasis 

and therefore increasing risks of disease, but that inflammation and oxidative stress may be one   

of the underlying causes of this reaction.   

 

Figure 3.9 Roundup C. elegans Differential Expression Heat Plot 

Heat plot of gene expression levels between 4 experimental replicates of C. elegans control 

(0%), and 2 experimental replicates exposed to 5% glyphosate. Horizontal labels indicate sample 

type and replicate, with the first number representing glyphosate percentage, and the number 

following the dash indicating replicates. (RStudio Team, 2020). 
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Figure 3.10 Roundup S. cerevisiae Differential Expression Heat Plot  

Heat plot of gene expression levels between 2 experimental replicates of S. cerevisiae control 

(0%), and 2 experimental replicates exposed to 5% glyphosate. Horizontal labels indicate sample 

type and replicate, with the first number representing glyphosate percentage, and the number 

following the dash indicating replicates. (RStudio Team, 2020). 
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Figure 3.11 Roundup S. cerevisiae Top 15 Significantly Enriched BP Phenotype Terms  

YeastEnrichr Enrichment Analysis plot depicting the top 15 biological process phenotype terms 

significantly enriched in S. cerevisiae in the control (0%) vs. 5% glyphosate experimental 

condition. Combined score: log p-value * z-score. (Chen et al., 2013; Kuleshov et al., 2016). 
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Figure 3.12 Roundup C. elegans Top 15 Significantly Enriched BP Phenotype Terms 

WormBase Enrichment Analysis plot depicting the top 15 biological process phenotype terms 

significantly enriched in C. elegans in the control (0%) vs. 5% glyphosate experimental 

condition. (Angeles-Albores et al., 2016). 
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Figure 3.13 Roundup S. cerevisiae ReviGo Plot 

ReviGo plot showing Molecular Functions (A), Cellular Components (B), and Biological 

Processes (C), significantly represented under the experimental conditions of S. cerevisiae 

control (0%) vs. 5% glyphosate exposure. Bubble color corresponds to the relative p-value 

associated with each provided GO term. Bubble size corresponds to the relative associated 

LogSize value for each GO term. (Supek et al., 2011; Supek & Škunca, 2017). 
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Figure 3.14 Roundup C. elegans ReviGo Plot 

ReviGo plot showing Molecular Functions (A), Cellular Components (B), and Biological 

Processes (C), significantly represented under the experimental conditions of C. elegans control 

(0%) vs. 5% glyphosate exposure. Bubble color corresponds to the relative p-value associated 

with each provided GO term. Bubble size corresponds to the relative associated LogSize value 

for each GO term. (Supek et al., 2011; Supek & Škunca, 2017). 

3.8 Conclusions 

Glyphosate, and glyphosate-based herbicides (GBHs), were widely considered to be safe 

for human use from their invention in 1970 by Monsanto, until the mid-2010s. Various disputes 

have been waged in the scientific and legal communities regarding this question. Numerous 

studies have concluded that GBHs exposure does cause disease in animal models, and that there 
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is a strong correlation between long-term GBH exposure and development of non-Hodgkin’s 

Lymphoma in humans. A further debate is currently in progress regarding the mechanism(s) 

behind the ability of GBHs to bring about these diseases.  

One possible avenue for discussion is the inflammation and related oxidative stress which 

has previously been shown to be linked with GBH use. Inflammation and oxidative stress have 

been shown to cause DNA and RNA damage, and can disrupt cellular function in ways which 

could increase the risks of developing at least some of the diseases linked with GBH exposure in 

animal model organisms lacking the Shikimic Pathway.  

In this project, it was shown not only that exposure to even small amounts of GBH 

Roundup significantly impact the health, longevity, and reproductive rates of both S. cerevisiae 

and C. elegans. It reduced lifespan, reduced or eliminated reproductive capabilities, increased 

transcription error rates, and altered gene expression levels in both species, though not in 

precisely the same ways. These differences could possibly be attributed to the presence of the 

Shikimic Pathway in yeast cells, and the absence of this pathway in nematodes. While GBHs are 

slightly acidic, it was determined that the effects of this acidic environment were not sufficient to 

cause the patterns seen.  

The transcription error rates and gene ontology results indicated inflammatory and 

oxidative stress involvement. More research will be necessary to fully understand the mechanism 

of action and consequences of GBH exposure on transcription fidelity and organismal health in 

general. 
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CHAPTER IV 

INCIDENCE OF OFF-TARGET H-ADAR EDITING IN S. CEREVISIAE  

4.1 Introduction  

Adenosine Deaminases that Act on RNA (ADAR) are a group of evolutionarily 

conserved post-transcriptional editing enzymes that bind to double-stranded RNA and convert 

adenosine (A) to inosine (I). When these edited RNA transcripts are translated by ribosomes, I is 

recognized as guanine (G), causing an A-to-G transition mutation. This editing has been shown 

to be integral in neural development and function, with mutations in ADAR genes having been 

linked with multiple neurological disorders, while overexpression of ADAR genes has been 

shown to increase the risks of developing cancer (Bass, 2002; Chalk et al., 2019; Keegan et al., 

2004; Tan et al., 2017). In humans, only a small number of sites have been proven to display 

functional mRNA editing, and it is currently unknown what the scope and impact may be of any 

off-target, nonfunctional editing by h-ADAR proteins.  

4.2 ADAR and RNA Editing 

Since its discovery in 1987, research into ADAR has determined that the action of this 

enzyme is vital for, among other things, neurological development and proteome plasticity 

(Albertin et al., 2022; Grice & Degnan, 2015; Liscovitch-Brauer et al., 2017; Yablonovitch et al., 

2017). ADAR works by catalyzing the hydrolytic deamination of A to form I. I is a nucleoside 

commonly found in tRNAs, but which can be found in mRNAs. The tissue distribution of I in 

mRNAs varies greatly between species (Tan et al., 2017). Specific conditions are required for 
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ADAR binding and successful catalytic activity. The main activation requirement is the presence 

of the sequence 5´-UAG-3´ in double-stranded mRNA, with the central A base being converted 

to form the sequence 5´-UIG-3´ (Nishikura, 2010; Thomas & Beal, 2017). While these edited 

sites are relatively rare throughout the entirety of the transcriptome, ADAR has been shown to 

target specific locations or tissues with high frequency, in particular neurological tissue 

(Aruscavage & Bass, 2000; Eifler et al., 2013; Macbeth & Bass, 2007). 

It is likely however, that ADAR-induced editing is occurring at a low but constant rate 

throughout the transcriptome wherever 5´-UAG-3´ adenosines are present in double-stranded 

mRNA. While other factors may be involved with ADAR attraction to certain editing sites, other 

regions may be erroneously edited if they meet enough of the criteria to bind with ADAR. This 

lower-level editing may also be an important factor driving transcript variation and disease.  

In order to determine the amount of non-evolutionarily adapted “off-target” editing 

caused by the presence of ADAR, S. cerevisiae expressing human ADAR (h-ADAR) was 

chosen. S. cerevisiae lacks any ADAR genes, allowing definite identification of edits occurring 

as a result of h-ADAR expression. Rolling Circle sequencing was used due to the capabilities of 

this technique to provide identification of edits occurring at extremely low frequencies in the 

transcriptome, in order to determine the true A-to-I editing rate (Fritsch et al., 2018).  

4.3 Materials and Methods 

4.3.1 YEpTOP2PGAL1 Plasmid Amplification 

A small amount of the YEpTOP2PGAL1 plasmid, which carries the hADAR gene linked 

to the GAL galactose promoter, an ampicillin resistance gene for antibiotic resistance selection in 

E. coli, and the ura3 gene for uracil drop-out selection in S. cerevisiae was obtained.  
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It was necessary to amplify the amount of plasmid using E. coli cell transformation, 

culture, and plasmid extraction from E. coli cultured cells in order to produce a sufficient 

quantity of the YEpTOP2PGAL1 plasmid for yeast transformation. This was performed by 

mixing pre-competent E. coli with the YEpTOP2PGAL1 plasmid, and plating on selective 

ampicillin plates. Following colony formation, successfully transformed cells were reared in 

liquid media containing ampicillin until a sufficient cellular density was achieved for plasmid 

extraction (Elbing & Brent, 2019; Mix & Go! Competent Cells-Zymo 10B, n.d.; Tuttle et al., 

2021). Plasmid extraction was achieved using the protocol set out in (Addgene: Handling 

Plasmids from Addgene - Purifying Plasmid DNA, n.d.).  

4.3.2 S. cerevisiae Transformation  

The chosen yeast strain was BCY123, which is negative for the URA3 gene required for 

uracil synthesis, allowing for selection based on growth media which lacks uracil (-uracil). If 

yeast cells are successfully transformed with the YEpTOP2PGAL1 plasmid, colonies will be 

observed to form on -uracil plates. Competence in the BCY123 strain was induced using prior to 

transformation using the protocol (Yeast Transformation Protocols, n.d.). S. cerevisiae cells were 

reared at 30 °C with mild agitation for the entirety of this experiment.  

4.3.3 S. cerevisiae Growth Conditions for Induction of h-ADAR Expression  

Given that the h-ADAR gene in the YEpTOP2PGAL1 plasmid is expressed under the 

control of a GAL promoter, h-ADAR will only be expressed while galactose is being used by the 

cell. Given these conditions, there are three stages of growth conditions which must be gone 

through in order to stimulate h-ADAR expression (Macbeth & Bass, 2007).  
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Firstly, the S. cerevisiae cells transfected with the YEpTOP2PGAL1 plasmid must be 

grown in synthetic -uracil drop-out media containing dextrose as the sole carbohydrate source for 

24 hours. Next, the cells were pelleted and the supernatant containing dextrose was removed, 

before resuspending the cells in -uracil drop-out media containing both glycerol and lactic acid 

for 24 hours. This was done in order to ensure total usage of any traces of dextrose before 

proceeding to the final stage of h-ADAR expression. Finally, the cells were pelleted, the 

supernatant containing glycerol and lactic acid was removed, and the yeast pellet was 

resuspended in -uracil drop-out media containing galactose as the sole carbohydrate source. 

Following 24 hours growth in this final culture, the cells were pelleted, washed to remove 

contaminants, and used for Rolling Circle sequencing according to the protocol (Fritsch et al., 

2018). Control samples were prepared in the same way for the first step of the protocol, however 

instead of being transferred to flasks containing -uracil drop out media containing glycerol and 

lactic acid and then to galactose, the resulting yeast cell pellets were transferred to fresh flasks 

containing -uracil drop-out media with dextrose as the sole carbohydrate source in order to 

prevent risks of h-ADAR expression in the control.  

4.4 Results and Discussion 

The transcriptional landscape for RNA Pol II, which transcribes mRNAs, displayed an 

increase in A-to-G errors of ~60 times in the h-ADAR condition when compared to the control 

(Figure 4.1). These findings suggest that there is a huge increase in the incidence of A-to-I 

editing under h-ADAR gene expression conditions, given that A is edited to I, and I is 

recognized as G during sequencing.  

Additionally, it was observed that not all types of RNA molecules were affected by the 

expression of h-ADAR genes. Ribosomal RNAs (rRNAs) produced by RNA Polymerase I (RNA 
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Pol I) and Transfer RNAs (tRNAs) produced by RNA Polymerase III (RNA Pol III), did not 

display a similar increase in A-to-I or A-to-G error rates (Figure 4.2, Figure 4.3). This indicates 

that h-ADAR editing, even when off-target, does not affect tRNAs or rRNAs.  

Interestingly, both the RNA Pol I and the RNA Pol III transcription landscapes display 

significant increases in the C-to-U error rates and lesser increases in the G-to-C and G-to-U error 

rates in the h-ADAR expression experimental condition compared to the control, a pattern which 

does not extend to the RNA Pol II transcription landscape (Figure 4.1, Figure 4.2, Figure 4.3). As 

mentioned above in chapter III, C-to-U errors in particular and C- and G- errors in general may 

result due to inflammation, oxidative stress, or other damage to C and G DNA bases. One 

possibility is that this pattern may have arisen due to differences in RNA lifespans. While most 

mRNAs have a half-life of just a few minutes, rRNAs and tRNAs can function for up to several 

days in the cell. The yeast cells may have gone through stressful and thus damaging cellular 

conditions due to the stress of altering the available carbohydrate source and thus being forced to 

switch metabolic pathways. In this case, the tRNAs and rRNAs produced under these conditions 

would still be present in the cells used for the Rolling Circle sequencing protocol 24 hours later, 

but most or all of the mRNAs produced would have already been replaced and thus not show the 

same transcription error patterns. 
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Figure 4.1 h-ADAR Expression Transcription Landscape for RNA Polymerase II 

Transcription landscape depicting mRNA transcription errors produced by RNA polymerase II in 

S. cerevisiae expressing the h-ADAR gene vs. control yeast not expressing this gene. Error bars: 

Standard Error. 
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Figure 4.2 h-ADAR Expression Transcription Landscape for RNA Polymerase I 

Transcription landscape depicting mRNA transcription errors produced by RNA polymerase I in 

S. cerevisiae expressing the h-ADAR gene vs. control yeast not expressing this gene. Error bars: 

Standard Error.  
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Figure 4.3 h-ADAR Expression Transcription Landscape for RNA Polymerase III 

Transcription landscape depicting mRNA transcription errors produced by RNA polymerase III 

in S. cerevisiae expressing the h-ADAR gene vs. control yeast not expressing this gene. Error 

bars: Standard Error. 

4.5 Conclusions 

While frequently-occurring editing events produced by RNA editing genes such as h-

ADAR may cause readily apparent links to cellular function or disease, low-level off-target 

editing may be involved in just as significant but difficult to see effects. It is therefore necessary 

to quantify the frequency of these off-target editing events in order to be able to investigate their 

impact on health and disease development.  

It was determined that even in a species which has no ADAR genes, and thus can have 

had no evolutionary conservation of ADAR editing sites such as S. cerevisiae, a huge number of 

A-to-I edits were occurring in the mRNA transcriptome upon expression of h-ADAR. This 

suggests that a far greater number of A-to-I, and thus A-to-G mRNA errors are constantly 
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occurring in the genomes of species which naturally possess ADAR genes than was previously 

suspected. suspected. Additional research from collaborators at the University of Southern 

California has shown that cephalopod species with naturally high levels of RNA editing also 

have frequently occurring editing mistakes. 

If this were the case, ADAR gene editing may be placing a burden on cellular 

proofreading and repair machinery, reducing the energy efficiency of cells and possibly even 

causing cytotoxic mRNAs to appear. While organisms which naturally possess ADAR genes 

may have tolerance for these “background” A-to-I off-target edits, an increase in off-target 

ADAR editing may exceed the threshold for cellular proofreading and repair machinery to be 

able to both cope with off-target ADAR edits, as well as complete all other necessary 

transcriptome and proteome regulatory functions, leading to a reduction in cellular health and 

increased potential for development of cancer.  

It is therefore important to understand how off-target ADAR editing in cells, tissues, and 

organs may target mRNA sequences linked with human health and disease states. 
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Table A.1 Fleming-Harrington (Weighted Log-Rank) Test  

 
Fleming-Harrington test comparison between C. elegans nematode strain survival statistics. 

Weighted for late-term study sensitivity. (J.-S. Yang et al., 2011). 

* Denotes significance levels ≤0.05. 

Table A.2 Chow Test  

 
Chow test comparison between C. elegans nematode strain survival statistics. (J.-S. Yang et al., 

2011). 

* Denotes significance levels ≤0.05 
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Figure A.1 Strain Error Rate Comparison in RNA Polymerase I Transcriptional Landscape  

Transcriptional landscape depicting comparative mRNA error types in transcripts produced by 

the action of RNA polymerase I in dHz-∆, DST1-∆, UNG1-∆, and WT (control) C. elegans 

strains. Error bars: Standard deviation.  
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Figure A.2 C. elegans Strain Comparative Reproductive Ability Over Time  

Depicts the level of reproductive ability of C. elegans strains WT, dHz-∆, DST1-∆, and UNG1-Δ 

over time, from not yet begun to reproduce to cessation of reproduction at advanced age. 
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Figure A.3 C. elegans Observed Deaths Per Day by Strain 

Depicts observed deceased individual worms per day for C. elegans strains WT, dHz-∆, DST1-

∆, and UNG1-Δ.  
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Figure A.4 C. elegans Cumulative Deaths Over Time  

Depicts cumulative numbers of observed deceased worms for C. elegans strains WT, dHz-∆, 

DST1-∆, and UNG1-Δ.  
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Figure A.5 C. elegans Cumulative Censors Over Time  

Depicts cumulative censored individuals over time for C. elegans strains WT, dHz-∆, DST1-∆, 

and UNG1-Δ.  
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Figure A.6 C. elegans Strain Differential Gene Expression Heat Map  

Heat map depicting differential gene expression levels for C. elegans strains WT, dHz-∆, DST1-

∆, and UNG1-Δ. Horizontal axis label format: strain_replicate. 



 

83 

 

Figure A.7 Homozygous double knockout UNG1-Δ x DST1-Δ Southern Blot Gel 

Depicts a Southern Blot gel loaded with DNA extracted from F2 offspring resulting from the 

crossing of homozygous knockout C. elegans strains UNG1-Δ and DST1-Δ. The red arrow 

indicates the successful homozygous double knockout offspring dHz-Δ. 
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B.1 RNA Polymerase I Transcription Landscapes for C. elegans and S. cerevisiae for 

Roundup Exposure Experiment 

 

Figure B.1 Roundup Exposure S. cerevisiae Error Rate Comparison in RNA Polymerase I 

Transcriptional Landscape  

Transcription landscape depicting mRNA transcription errors produced by RNA polymerase I 

following S. cerevisiae treatment with three different glyphosate percentages (5%, 1%, 0.1%) 

and a control lacking Roundup (0%). Error bars: Standard deviation.  
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Figure B.2 Roundup Exposure C. elegans Error Rate Comparison in RNA Polymerase I 

Transcriptional Landscape  

Transcription landscape depicting mRNA transcription errors produced by RNA polymerase I 

following C. elegans treatment with three different glyphosate percentages (5%, 1%, 0.1%) and a 

control lacking Roundup (0%). Error bars: Standard deviation.  
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B.2 Long-Term Roundup Exposure Experiment in S. cerevisiae 

 

Figure B.3 S. cerevisiae Long-Term 5% Glyphosate Roundup Exposure  

Depicts S. cerevisiae WT yeast following long-term exposure to 5% glyphosate from Roundup. 

Reared in liquid YPD media in 15mL tube at 30 °C with gentle agitation.  
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Figure B.4 S. cerevisiae Long-Term 1% Glyphosate Roundup Exposure  

Depicts S. cerevisiae WT yeast following long-term exposure to 1% glyphosate from Roundup. 

Reared in liquid YPD media in 15mL tube at 30 °C with gentle agitation.  
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Figure B.5 S. cerevisiae Long-Term 0.1% Glyphosate Roundup Exposure  

Depicts S. cerevisiae WT yeast following long-term exposure to 0.1% glyphosate from Roundup. 

Reared in liquid YPD media in 15mL tube at 30 °C with gentle agitation. 
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Figure B.6 S. cerevisiae Long-Term 0% (Control) Glyphosate Roundup Exposure  

Depicts S. cerevisiae WT yeast following long-term exposure to 0% glyphosate (control 

replicates) from Roundup. Reared in liquid YPD media in 15mL tube at 30 °C with gentle 

agitation.  
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B.3 pH Experiment Supplemental Materials  

 

Figure B.7 S. cerevisiae pH Error Rate Transcriptional Landscape RNA Polymerase I  

Transcription landscape depicting mRNA transcription errors produced by RNA polymerase I 

following S. cerevisiae exposure to three different pH environments (pH 2.5, 5.5, and 8.5). Error 

bars: Standard Error.  
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Figure B.8 C. elegans pH Error Rate Transcription Landscape for RNA Polymerase I, III, and 

Mitochondrial RNA 

Transcription landscape depicting mRNA transcription errors produced by RNA polymerase I 

following C. elegans exposure to three different pH environments (pH 3, 7, and 10). Error bars: 

Standard deviation.  
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Figure C.1 h-ADAR Expression Transcription Landscape for Mitochondrial RNA  

Transcription landscape depicting mitochondrial RNA transcription errors in S. cerevisiae 

expressing the h-ADAR gene vs. control yeast not expressing this gene. Error bars: Standard 

Error. 
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