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Abstract 

The extreme conservation of DNA makes it difficult to trace the deep evolution of this 

fundamental molecule. The precursors of DNA are produced from the constituent RNA 

precursors through ribonucleotide reduction, leading to the logical conclusion that DNA 

evolved after RNA. Thymine (T) is produced by further processing of deoxyuracil (dU), which 

suggests that the evolution of modern DNA might have been via a uracil-containing 

intermediate form of DNA. It is therefore proposed that DNA evolution proceeded in the 

following order: RNA →U-DNA →T-DNA. We have previously argued that the transition 

from U-DNA to T-DNA was driven by cytosine deamination (Poole et al., 2001), which would 

lead to mutagenic generation of U in the genome via C to U deamination events. However, a 

transition to T is an indirect fix to this problem; it enables identification of mutagenic U:G pairs 

arising from cytosine deamination, but it would not enable repair. Thus T does not deal with 

the issue of cytosine deamination itself. We have proposed that the U to T transition may have 

been driven by inefficient repair of cytosine deamination.  To do this, we attempted to generate 

a modern cell containing U in place of T in its genome. While we were not able to reach the 

final goal, we have made considerable progress towards it in this thesis. 

In addition to this, we have also investigated whether the initial RNA to U-DNA transition 

could have evolved earlier through an alternative pathway. The enzyme require for this 

reaction, ribonucleotide reductase, performs complex free radical chemistry, so is believed to 

have occurred late in evolution. If DNA is instead able to be produced through an alternative 

and simpler pathway, it is possible that the transition could have occurred far earlier in 

evolution than previously thought. We have created a strain of E. coli deficient in 

ribonucleotide reduction, and have made considerable progress towards generating a strain 

capable of synthesising its own deoxyribonucleotides by the alternative deoxyriboaldolase 

pathway. 
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Chapter 1. Introduction 

DNA is the genetic material used by all cellular life, coded using a combination of four bases: 

adenine (A), guanine (G), cytosine (C) and thymine (T). In triplet combinations these four 

bases, are translated into functional proteins. While it is widely thought that an RNA World 

once existed as a precursor to the modern DNA world (Gilbert, 1986; Poole et al., 2000), the 

transition between the two is less clear. The precursors of modern DNA are synthesised from 

their constituent RNA building blocks through complex free radical chemistry by 

ribonucleotide reductases (RNRs) (Reichard and Ehrenberg, 1983). This suggests that DNA 

evolved after RNA, with the complex chemistry performed by RNRs leading several authors 

to conclude that ribonucleotide reduction, and thus DNA, emerged relatively late in evolution 

(Forterre, 2002; Freeland et al., 1999; Poole and Logan, 2005; Poole et al., 2000). Moreover, 

deoxythymidine triphosphate (dTTP), one of the four nucleotides of DNA, is synthesised by 

further processing of deoxyuridine triphosphate (dUTP) to deoxythymidine triphosphate 

(dTTP) through the action of an additional four enzymes, indicating that dTTP utilisation has 

evolved after dUTP (Forterre, 2002; Poole et al., 2001). Thus the evolution of DNA might have 

proceeded through a dUTP-containing intermediate, as follows: RNA→U-DNA→modern 

DNA (Poole et al., 2001), with a U-DNA intermediate using the bases A, G, C and U but 

modern DNA replacing U with T through the evolution of the thymidylate synthase pathway. 

To understand how these pathways might have evolved, it is important to elaborate on how 

modern DNA is synthesised. 
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1.1. The Synthesis of DNA 

 

1.1.1 Ribonucleotide Reduction 

DNA building blocks are made from the RNA building blocks, through complex free radical 

chemistry (Sahlin and Sjöberg, 2000), and can be considered as a modified form of RNA 

(Forterre, 2005). The four RNA building blocks, A, G, C and U, are converted into dA, dG, dC 

and dU through a reduction reaction (Figure 1.1), resulting in the 2¢-deoxyribonucleotide 

building blocks (Eklund et al., 2001; Kolberg et al., 2004; Mulliez and Fontecave, 1999). This 

reaction is mediated by ribonucleotide reductase enzymes (RNR), and results in the reduction 

of the 2¢-hydroxyl group of ribonucleoside di- or triphosphate (Sjöberg, 1995). The RNRs are 

divided into three classes, based on the cofactor used to perform the reduction reaction 

(Cerqueira et al., 2006). While classes I and II share amino acid sequence similarity, class III 

RNRs appear to be less similar (Sjöberg, 1997). Studies on archaeal RNRs have pointed to a 

common evolutionary origin for the three classes of RNR, with shared substrate binding 

mechanisms and allosteric regulatory regions (Bult et al., 1996; Riera et al., 1997; Sjöberg, 

1997; Tauer and Benner, 1997). 

 

Figure 1.1. The four building blocks in modern DNA are generated through ribonucleotide reduction, where 

deoxyribonucleotides are generated from ribonucleotides. While the mechanism of each of the three classes differs 

slightly, key steps are common between the classes (numbered on the figure) (Sjöberg, 1997). 1. A cysteine thiyl radical 

is produced which activates the ribose substrate through removal of the 3′-H (Sjöberg, 1997). 2. Cleavage of the 2′-C-O 

occurs, along with reduction of the 2′ position and protonation of the leaving water molecule (Jordan and Reichard, 1998; 

Lundin et al., 2015). 3. The 2′-C is reduced by a hydride ion (Kolberg et al., 2004; Reichard, 1993; Sjöberg, 1995). 4. 

The 3′-H is returned and the thiyl radical is regenerated Cerqueira et al., 2004; Nordlund and Reichard, 2006). Image 

modified from Poole et al., (2002). 
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1.1.2 Class I RNRs 

Class I enzymes are the most extensively studied, and two subclasses of class I RNRs have 

been discovered. Class Ia is known to be coded by the nrdAB genes in E. coli, and class Ib is 

coded by the nrdEF genes (Sjöberg, 1997). Class Ia RNRs are composed of two homodimer 

protein components: R1 (nrdA) and R2 (nrdB), giving an α2β2 composition (Sjöberg, 1995). At 

the active site of the enzyme in the R1 component are three invariant cysteine resides, located 

on two of the barrel β strands, with the active site on one side of a 10-stranded β/α barrel 

(Sjöberg, 1997). These enzymes require oxygen for the generation of a stable tyrosyl radical 

by a diiron-oxygen centre in the R2 subunit (Kolberg et al., 2004; Nordlund and Reichard, 

2006). The radical is shuttled to a cysteine in the R1 subunit, where it is required for activation 

of the substrate (Nordlund and Reichard, 2006). Thioredoxin and glutaredoxin are also both 

required for function of class I RNRs and reduce a disulphide bridge between two of the active 

cysteines (Sjöberg, 1995). Class Ib also comprises of two homodimeric proteins: R1E and R2F, 

and requires nrdH, an accessory reduction protein required for catalytic turnover (Sjöberg, 

1997). Alongside this, class Ib also requires expression of nrdI, although the function of this 

remains unknown (Nordlund and Reichard, 2006). 

1.1.3 Class II RNRs 

The remaining two classes of RNRs are not as well studied as Class I, and the most extensively 

studied Class II RNR representative is from Lactobacillus leichmanni (Sjöberg, 1997). Class 

II RNRs are coded by the nrdJ gene and have been isolated as both monomers and dimers 

(Nordlund and Reichard, 2006). Like the Class I RNRs, three cysteine residues are core to the 

catalytic function of the enzyme, and thioredoxin and glutaredoxin are also required for 

catalytic turnover (Sjöberg, 1997). However, Class II RNRs utilise an adenosylcobalamin 

cofactor, instead of its own stable protein radical, which is cleaved and exchanges its 5′-

protons to initiate catalysis (Eklund et al., 2001; Sahlin and Sjöberg, 2000; Sjöberg, 1995). 

These enzymes are indifferent to the presence of oxygen, but instead are B12-dependent 

(Nordlund and Reichard, 2006; Sjöberg, 1997). 

1.1.4 Class III RNRs 

The final class of RNRs exist as two dimeric proteins and are coded by the nrdDG genes 

(Nordlund and Reichard, 2006; Sjöberg, 1997). The first component (nrdD), exists as a 

homodimeric α-polypeptide product, which binds the ribonucleotide substrate and allosteric 
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effector nucleotides (Sjöberg, 1997). The nrdG component of the Class III RNRs is a 

homodimeric β-polypeptide that contains an iron-sulphur cluster that is believed to be reduced 

during activation of catalysis (Sjöberg, 1995, 1997). These RNRs are irreversibly inactivated 

by oxygen, due to the use of an oxygen-sensitive glycyl radical in nrdD (Nordlund and 

Reichard, 2006; Sjöberg, 1997), and are generally found in facultative anaerobes (Sjöberg, 

1997). S-adenosyl methionine is cleaved during the formation of the glycyl radical, and this 

process requires the donation of an electron from reduced flavodoxin, with formate serving as 

the electron donor for Class III enzymes (Nordlund and Reichard, 2006; Sjöberg, 1995). 
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1.1.5 General Mechanism of Ribonucleotide Reduction 

The most well-studied mechanism of ribonucleotide reduction is for a Class I enzyme from E. 

coli, with the general mechanism followed thought to be common to all RNR enzymes 

(Sjöberg, 1997). Key to this reaction are three catalytic cysteine residues in the RNR enzyme 

(Gleason, 2015). In the initial steps, a cysteine thiyl radical is formed by radical transfer from 

a cofactor to the first of these conserved cysteines (Lenz and Giese, 1997; Nordlund and 

Reichard, 2006; Stubbe and Ackles, 1980). This radical activates the ribose substrate by 

removing 3′-H from the sugar moiety (Sjöberg, 1997). Cleavage of the 2′-C-O bond of the 

ribose then occurs alongside the formation of a reducing cysteine radical and protonation of 

the leaving water molecule (Jordan and Reichard, 1998; Lundin et al., 2015). Deprotonation of 

the 3′-OH hydroxyl by a glutamic acid residue results in reduction of the ribose (Follmann, 

2004; Gleason, 2015). Following this, a disulphide radical is formed between the second and 

third cysteine residues, and the 2′-carbon is reduced by a hydride ion (Kolberg et al., 2004; 

Reichard, 1993; Sjöberg, 1995). The deoxyribose radical is then formed when the abstracted 

3′ hydrogen is returned to the sugar, and the reaction is completed when the initial cysteine 

thiyl radical is regenerated (Cerqueira et al., 2004; Nordlund and Reichard, 2006). A general 

reaction mechanism for each of the three RNR classes is provided below (Sahlin and Sjöberg, 

2000): 

Class 1: 

 rNDP + RNR-(SH)2   → dNDP + RNR-S2 + H2O 

Class 2: 

 rND(T)P + RNR-(SH)2 → dND(T)P + RNR-S2 + H2O 

Class 3: 

 rNTP + RNR + HCOOH → dNTP + RNR + CO2 + H2O 

Ribonucleotide reductases are conserved across the tree of life, with only five organisms found 

to lack RNR genes (Lundin et al., 2009). Loss of RNR genes have been observed in the 

prokaryotes, Borrelia burgdorferi (Boursaux-Eude et al., 1997; Fraser et al., 1997), Buchnera 

aphidicola, an endosymbiont from the insect Cinara cedri (Perez-Brocal et al., 2006) and 

Ureaplasma urealyticum (Glass et al., 2000; Kosinska et al., 2005), as well as two eukaryotes: 

Entamoeba histolytica (Hassan and Coombs, 1986; Loftus et al., 2005) and Giardia lamblia 
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(Adam, 1991; Baum et al., 1989). Highly reduced genomes are observed in all species found 

to lack RNR genomes, and these species have either endosymbiotic or parasitic lifestyles. 

These species appear to have compensated for inability to produce their own 

deoxyribonucleotides by salvaging them from their host (Lundin et al., 2009). 

At the end of the ribonucleotide production pathway, the RNA building blocks have been 

metabolised to their DNA counterparts: deoxyadenosine (dA), deoxyguanosine (dG), 

deoxycytodine (dC) and deoxyuridine (dU). For the latter, dU, further enzymatic steps result 

in its final conversion to deoxythymidine (dT) for use in DNA. These steps will now be 

discussed in further detail. 

1.2. Thymidylate production requires further steps 

Following ribonucleotide reduction, four deoxyribonucleotides are produced: dATP, dGTP, 

dCTP and dUTP. While three of these deoxyribonucleotides are used as a substrate for DNA 

metabolism, dUTP is subjected to further processing to produce the final deoxyribonucleotide: 

dTTP. This process is achieved through several enzymatic steps (Figure 1.2), firstly converting 

dUTP into the monophosphate form using dUTPase. This is then converted into dTMP, where 

two further steps result in the dTTP to be used in DNA, undertaken by dTMP kinase and 

nucleoside-diphosphate kinase, respectively. A summary of the enzymes is provided in Table 

1.1 below. 

Table 1.1. General reaction mechanisms of the enzymes required for dTTP synthesis (Barabá et al., 2004; Chaperon, 2006; 

Morera et al., 1995; Swiderek et al., 2015) 

ENZYME GENE IN E. COLI GENERAL REACTION 
dUTPase dut  dUTP + H2O = diphosphate + dUMP + H+ 

Thymidylate synthase thyA  (6R)-5,10-methylene-5,6,7,8-tetrahydrofolate + dUMP 
= 7,8-dihydrofolate + dTMP 

dTMP kinase tmk ATP + dTMP = ADP + dTDP 

Nucleoside-diphosphate 
kinase 

ndk  2'-deoxyribonucleoside 5'-diphosphate + ATP = 2'-
deoxyribonucleoside 5'-triphosphate + ADP 
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Figure 1.2. Thymidylate production requires four further enzymatic steps to metabolise dUTP to dTTP. The first step 

involves the removal of two of the phosphate groups from dUTP by deoxyuridine diphosphotase. dUMP is then 

methylated to dTMP by thymidylate synthase. The two phosphate groups are then readded by dTMP kinase and NDP 

kinase to ultimately produce dTTP (Barabá et al., 2004; Koehn et al., 2009; Cui et al., 2013; Karlsson et al., 1996). 
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1.2.1 dUTPase 

Deoxyuridine triphosphate nucleotidehydrolase catalyses the hydrolysis of dUTP to dUMP and 

diphosphate, which aids in preventing uracil misincorporation into DNA during replication 

(Gadsden et al., 1993; Seiple et al., 2006) (Figure 1.3). dUTPase hydrolyses the triphosphate 

form of uracil to the monophosphate form (Harris et al., 1999). This hydrolysis reaction is 

achieved through a catalytic water molecule initiating nucleophilic attack of the α-phosphate, 

and the integration of a Mg2+ ion into the triphosphate chain (Barabá et al., 2004). dUTPase 

plays an essential role in reducing the dUTP pool in the cell, so that uracil residues are not 

erroneously incorporated into DNA (Hizi and Herzig, 2015). 

 

Figure 1.3. The mechanism of deoxyuridine triphosphatase. Deoxyuridine monophosphate (dUMP) is produced from 

deoxyuridine triphosphate (dUTP) through a hydrolysis reaction that removes two phosphates to form a monophosphate 

through a water molecule and integration of a Mg2+ ion (Barabá et al., 2004).  

1.2.2 Thymidylate synthase 

Thymidylate synthase mediates the addition of a methyl group to the C5 atom in uracil, yielding 

dTMP (Berg et al., 2002) (Figure 1.4). In initial steps, the active site cysteine of thymidylate 

synthase attacks the C6 position of dUMP (Agrawal et al., 2004). The methylene-

tetrahydrofolate then donates a methyl group to the C5 position of dUMP (Bloch, 1996), and 

reduces this new methyl group through the addition of H from the 6S position of 

tetrahydrofolate to form dTMP (Agrawal et al., 2004; Swiderek et al., 2015). This thymidylate 

synthase is often referred to as thyA. Thymidylate synthase is heavily conserved across all life, 

although its apparent “loss” has been observed across several nonsymbiotic microbes 

(Myllykallio et al., 2002). In many of these genomes, a flavin-dependent thymidylate synthase 

(termed thyX) appears to play the role of the thyA thymidylate synthase (Myllykallio et al., 

2002), perhaps replacing thyA, or alternatively it is thought that thymidylate synthase might 

have evolved independently multiple times, as the two enzymes share little to no sequence or 
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structural similarity (Koehn and Kohen, 2010). ThyX enzymes instead require FADH2 as a 

cofactor in addition to methylene-tetrahydrofolate (Koehn et al., 2009). Flavin-dependent 

thymidylate synthase is hypothesised to proceed in reactions that either involve attack from an 

enzymatic nucleophile where the methyl group is sourced from methyl-tetrahydrofolate and 

the extra hydrogen from FADH2 (Figure 1.5A), or without and the hydrogen is instead firstly 

transferred to the C6 position of dUMP and later transferred to the C5 position (Figure 1.5B) 

(Koehn and Kohen, 2010). 
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Figure 1.4. Mechanism of thymidylate synthase (thyA) in Escherichia coli. Attack from an enzymatic nucleophile (Cys 

146) mediates the reaction, with methylene-tetrahydrofolate donating the methyl group to the C5 position of dUMP. It then 

proceeds to donate the second hydrogen to the methyl group, and a reduction reaction results in dTMP production (Koehn and 

Kohen, 2010; Koehn et al., 2009). 
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Figure 1.5. Flavin-dependent thymidylate synthase mechanism (thyX). Two reaction mechanisms have been proposed for 

this enzyme. A) The first of these two mechanisms requires an enzymatic nucleophile to attack the C6 position of dUMP. 

Methylene-tetrahydrofolate then donates a methyl group to the C5 position of dUMP, and a reduction reaction mediated by 

FADH2 provides the second hydrogen atom, yielding dTMP, FAD and tetrahydrofolate. B) The second proposed mechanism 

lacks the enzymatic nucleophile. Instead, the hydrogen is transferred to C6 from FADH2, then methylene-tetrahydrofolate 

donates the methyl group and the second hydrogen is transferred from C6 to C5. Less is known about the exact method of this 

proposed mechanism, but the authors have demonstrated the initial FADH2 transfer, and that the enzymatic nucleophile may 

not be necessary (Koehn and Kohen, 2010; Koehn et al., 2009). 
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1.2.3 dTMP kinase 

The third conversion required in the production of dTTP is catalysed by dTMP kinase (tmk). 

dTMP kinase catalyses a phosphorylation reaction to convert the monophosphate dTMP to its 

diphosphate form in a reversible reaction (Cui et al., 2013; Reynes et al., 1996) (Figure 1.6). 

 

Figure 1.6. Thymidylate (dTMP) kinase facilitates the reversible production of deoxythymidine diphosphate from 

deoxythymidine monophosphate using ATP as a phosphoryl donor (Cui et al., 2013).  

1.2.4 Nucleoside Diphosphate Kinase 

In E. coli, nucleoside diphosphate kinase (ndk) then catalyses the transfer of the γ-phosphate 

from nucleotide triphosphates to the 5´ position of ribo- and deoxyribonucleotide phosphates 

(Bennett et al., 2004). The reaction utilises a covalent intermediate (Lascu and Gonin, 2000), 

and acts in a reversible manner (Gonin et al., 1999), catalysing the conversion to dTTP. This 

reaction is not specific to thymine, with this enzyme catalysing the same reaction for all ribo – 

and deoxyribonucleotides (Karlsson et al., 1996; Morera et al., 1995) (Figure 1.7). 
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Figure 1.7. Nucleoside diphosphate kinase mediates the final reaction in thymidine biosynthesis. A reversible reaction 

sees the exchange of phosphate groups from adenine triphosphate to deoxyribonucleotide diphosphate to produce 

deoxyribonucleotide triphosphates. This reaction is non-specific and will work on all ribo- and deoxyribonucleotides (Karlsson 

et al., 1996). 

1.3. Alternative sources of T in modern DNA 

The primary source of dTTP in modern cells comes from dUMP, through the four enzymatic 

steps previously described, but this is not the only potential source of T in modern cells, with 

other less likely sources becoming evident upon further investigation of the literature. Thymine 

is able to be sourced from the spontaneous deamination of 5-methylcytosine (Bhagwat et al., 

2016; Kahramanoglou et al., 2012; Lieb and Rehmat, 1997). Cytosine deaminase can also be a 

source of thymine from 5-methylcytosine, although this activity is not seen in the E. coli 

enzyme (Hall et al., 2011). In addition to this, cytidine deaminase in E. coli is also capable of 

metabolising 5-methylcytidine to 5-methyluridine (ribothymidine) (Vita et al., 1985). 
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Another alternative source of T could be from recycling of ribothymidine from modified 

tRNAs, where methyltransferases have modified particular positions to methylated uracil. The 

most well-known of these methyltransferases in E. coli is tRNA m5U54-methyltransferase 

(trmA), which modifies position U54 of tRNAs to ribothymidine (5-methyluridine) (Björk and 

Neidhardt, 1975). Recent research has found that trmA can prolong cell survival in the absence 

of thyA, but that thymineless death will eventually occur (Rao and Kuzminov, 2019). In 

addition to this, Rao and Kuzminov (2019) found that two additional methyltransferases 

responsible for modifying U at positions 747 and 1939 in 23S rRNA to ribothymidine showed 

a very minor contribution to thymine in the absence of thyA, but this amount was far lower 

than that provided by trmA. The exact pathway that produces thymidine from ribothymidine is 

unknown, however previous experiments have also found that replacement of T in DNA with 

chlorouracil was only able to reach levels up to 99% once trmA had been knocked out (Marlière 

et al., 2011a). 

If T is sourced from one of these alternative pathways it is possible that dTTP could be 

produced for use in DNA through the actions of thymidine phosphorylase and thymidine kinase 

(Figure 1.8, Table 1.2). dTMP kinase and nucleoside diphosphate kinase would then facilitate 

the final steps towards dTTP production. 
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Figure 1.8. Pyrimidine Synthesis in E. coli, showing other potential sources of T. Numbers match to the list provided in Table 

1.2 below. The TR to (UdR)TdR reaction is the reaction identified by Marliere et al. (2011) as providing a source of dT in E. 

coli cells. Image modified from Ahmed et al., (1998). 

Table 1.2. Enzymes involved in pyrimidine synthesis in Escherichia coli (numbers match to numbers listed on Figure 1.8). 

All gene names have been obtained from KEGG (Kanehisa and Goto, 2000; Kanehisa et al., 2021), excluding those otherwise 

referenced. 

# GENE  ENZYME # GENE  ENZYME 
1 codA Cytosine deaminase 13 ndk Nucleoside diphosphate kinase 
2 udp Uridine phosphorylase 14 dut dUTP pyrophosphatase 
3 udk Uridine kinase 15 tdk dTMP kinase 
4 pyrH Uridylate kinase 16 thyA Thymidylate synthase 
5 deoD Purine nucleoside phosphorylase 17 deoA Thymidine phosphorylase 
6 deoB Phosphodeoxyribo mutase 18 deoC Phosphodeoxyribo aldolase 
7 cdd Cytidine deaminase (Khodursky et 

al., 2015) 
19 yjjG dUMP phosphatase 

8 surE Nucleotidase 20 tdk Thymidine kinase 
9 cmk CMP/dCMP kinase 21 tmk dTMP kinase 
10 nrd Nucleotide diphosphate reductase 22 pol/dna/hol DNA polymerase 
11 upp uracil phosphoribosyltransferase 23 yfbR 5’- deoxynucleotidase 

(Khodursky et al., 2015) 
12 dcd dCTP deaminase 24 trmA m5U54-methyltransferase 

(Björk and Neidhardt, 1975) 
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1.4. The Evolution of DNA 

While DNA acts as the genetic material in all modern life, it cannot be forgotten that DNA 

itself once emerged as the result of evolutionary processes. One proposed route of the evolution 

of DNA is a biological route. That is, RNA was the original genetic material, with a uracil-

containing DNA intermediate, and finally a transition to modern DNA (Poole et al., 2001). 

Features present in modern DNA provide strong evidence for this route. On the other hand, an 

alternative pathway has been discovered that has the potential to create DNA building blocks 

through a chemically simpler process (Poole et al., 2014). If DNA was originally produced 

using this pathway, it means that DNA synthesis could have evolved earlier, through a chemical 

route. Key to either one, or both, of these hypotheses is the idea that RNA was the first 

molecule, acting as both the storage molecule of genetic material as well as the catalyst. This 

period is referred to as the RNA World. 

1.4.1 RNA world hypothesis 

While several hypotheses exist attempting to explain the origins of life, the RNA World 

hypothesis is the most well-supported by experimental evidence (Robertson et al., 2012). The 

RNA World hypothesis stipulates that at some point during evolutionary history, there existed 

a state where RNA acted in catalysis as well as information storage, performing the functions 

that are today completed by protein and DNA respectively (Dworkin et al., 2003; Forterre, 

2005). The vast functionality of RNA was first recognised by Woese (1967) and Orgel (1968), 

although the term “RNA World” was only proposed in 1986 (Gilbert, 1986).  

Key support for the RNA world has been provided by ever-expanding knowledge of the role 

that RNA plays in the cell. Central to this is the discovery that the main reactions of the 

ribosome are carried out by its RNA components and have led to the ribosome being classified 

as a relic ribozyme (Cech, 2000). It has also been discovered that almost 90% of the protein 

components are dispensable from the ribosome (Noller, 1993; Noller et al., 1992). Several early 

experiments initially found that certain initiation factors (Nirenberg and Leder, 1964), 

elongation factors (Gavrilova et al., 1976; Lill et al., 1986; Pestka, 1968), and small unit 

proteins were all dispensable (Nomura et al., 1969). Deletion mutants then revealed at least 17 

proteins (Dabbs, 1986), could be lost and the ribosome will remain functional. The key reaction 

of the ribosome, peptide bond formation, was also found to be undertaken by the large 
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ribosomal subunit, an RNA component (Monro, 1967; Nissen et al., 2000). The observations 

that colicin E3, a cytotoxin produced by E. coli that targets the 16S rRNA, deactivates the 

ribosome (Bowman et al., 1971; Senior and Holland, 1971), and that the peptidyl transferase 

activity of the ribosome is still maintained upon digestion with proteinase K demonstrates the 

fundamental role that RNA plays in the ribosome. All this information combined, give strong 

evidence that a primitive ribosome could have been composed exclusively of RNA, and that 

some proteins, such as translation factors, may have taken over roles once completed by RNA. 

The discovery of ribozymes that play key roles in the cell also cement the broad catalytic 

repertoire of these enzymes (Altman, 2013). Initial experiments identified ribozyme catalysts 

such as self-splicing introns and ribonuclease P (RNaseP), which acts in cleavage of tRNA 

precursors (Guerrier-Takada et al., 1983; Kruger et al., 1982). The RNA component of RNase 

P is conserved across the tree of life, while the protein components differ across the different 

domains, further hinting at the early evolutionary origin of RNA and later evolution of proteins 

(Evans et al., 2006; Guerrier-Takada et al., 1983; Kruger et al., 1982). Artificial ribozymes are 

even capable of aminoacylating tRNA, a key step in activation of amino acids for translation 

(Illangasekare et al., 1995), and RNA riboswitches that control gene expression have been 

detected in bacteria (Breaker, 2010; Garst et al., 2011; Mandal and Breaker, 2004). RNA 

polymerases that can use another RNA sequence as a template have been selected for and 

improved (Cheng and Unrau, 2010; Johnston et al., 2001; Zaher and Unrau, 2007), and a 

variety of functions have been selected, including polymerase activity (Sczepanski and Joyce, 

2014), carbon-carbon bond formation (Seelig and Jäschke, 1999) and ligation (Robertson and 

Ellington, 2000). Several experiments have also worked towards demonstrating a replicative 

function of RNA, a function considered fundamental if an RNA World is plausible (Attwater 

et al., 2013; Lincoln and Joyce, 2009; Sczepanski and Joyce, 2014; Wochner et al., 2011).  

This vast repertoire of function shows that RNA can perform an extensive array of different 

cellular functions, and, as an extension of this, could have performed a variety of functions in 

an RNA World. However, when investigating how many RNAs in modern cells can be traced 

back through evolution, Hoeppner et al., (2012) found that 99% of RNAs were confined to a 

single domain, and that of the remaining 1%, half show evidence of horizontal gene transfer 

and are not able to be traced back to the last universal common ancestor (LUCA). The 

remaining 0.5% look to be consistent with the RNA World hypothesis, and are involved with 

key functions in translation, such as rRNA, tRNA and RNaseP. However, if RNA enzymes 
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have mostly been replaced by protein enzymes that are more efficient, it might be difficult to 

find evidence of older RNAs that trace back to LUCA (Jeffares et al., 1998). 

1.4.2 Criticisms of the RNA World 

Despite being the most well-supported hypothesis for the origin of the modern 

DNA/RNA/protein World, the plausibility of an RNA World is still heavily debated. Several 

of the key criticisms of the RNA World are centred around the instability of RNA molecules 

and around the complexity of RNA molecules, especially molecules that are long enough to 

perform some of the complex proposed functions (Bernhardt, 2012; Bregestovski, 2015; 

Ralser, 2014). In his 2010 BioEssay paper titled “the RNA dreamtime”, Kurland heavily 

criticises the RNA World when stating the following (Kurland, 2010):  

 

 

 

 

 

Some are also critical of experiments performed to support the RNA World, saying that even 

if it is possible to create ribozymes from random sequence selection that perform functions 

proposed to exist in an RNA World, that these ribozymes do not necessarily represent what 

existed in the past (Bartel and Unrau, 1999; Di Giulio, 1997; Poole 2011). Carter (2015) argued 

that an RNA/peptide world is instead more credible, with peptides providing components 

necessary to evolve modern life. A ribonucleoprotein world has been proposed by others also 

(Di Giulio, 1997), with the general consensus that complex biological systems would not have 

been able to evolve in a world composed exclusively of RNA. It is important to note that most 

of these models do accept peptides but draw a distinction between prebiotic peptides and 

genetically-encoded peptides like those that exist in the modern DNA world, with a gradual 

transition to the genetic code being enabled by the complexity provided by peptides (Carter, 

2015). Despite the criticisms of experiments supporting the RNA World, such experiments 

make the RNA World a more credible hypothesis for the origins of modern genetic systems, 

as they provide an indication of whether such a situation could have plausibly existed. 

“Modern cells present no signs of a putative prebiotic RNA world…. 

RNA world is an expression of the infatuation of molecular 

biologists with base pairing in nucleic acids played out in a one-

dimensional space with no reference to time or energy.” 
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1.4.3 When did modern DNA evolve? 

While the exact order in which RNA and protein emerged is uncertain, modern DNA synthesis 

pathways paint a clearer picture from RNA to DNA as two key transitions: the first from RNA 

to a uracil-containing form of DNA, while the second transfer lead to the inclusion of T in 

DNA. Ribonucleotide reductases (complex protein enzymes) are ubiquitous enzymes used for 

ribonucleotide reduction in modern cells, hence it is logical to conclude that the synthesis of 

DNA was not possible before complex protein enzymes arose (Bernhardt, 2012; Cech, 2010; 

Forterre, 2002, 2005; Poole et al., 2000). However, this does not mean that DNA precursors 

could not have been produced through an alternative pathway early in evolution that did not 

require such complex protein enzymes, and that the pathway has since been replaced by 

ribonucleotide reduction (Poole et al., 2014). Francois Jacob (Jacob, 1977) wrote of evolution 

as a tinkerer. Instead of evolution engineering perfect functions, it tinkers, and slowly adds to 

functions over time and never reaches a state of perfection. Jacob argues that this is seen all 

throughout evolutionary history, for example, in the huge diversity of existing organisms with 

underlying similarities in their nucleic acids and proteins. Under such a model, it is plausible 

that an alternative pathway for producing DNA building blocks did once exist but has instead 

been replaced by ribonucleotide reduction. One potential pathway was proposed by Poole et 

al. (2014), where modern nucleotide salvage pathways provide a simpler alternative to modern 

ribonucleotide reduction, meaning that DNA could have emerged prior to the evolution of 

proteins. This will be discussed in further detail in Chapter 5. 

The second transition to T-containing DNA also seems logical, where modern T synthesis can 

be seen as an addition to DNA synthesis after the emergence of uracil-containing DNA 

(Forterre, 2005; Poole et al., 2001). Irrespective of whether DNA itself evolved early or late in 

evolution; current pathways suggest that the transition to T was the final key step to occur. I 

will now discuss this final transition in further detail. 

1.5. The transition from U to T 

As dTTP is produced from dUMP, through a series of reactions after the ribonucleotide 

reduction pathway, it is postulated that thymidine biosynthesis evolved after the evolution of 

DNA synthesis itself (Forterre, 2005; Poole et al., 2001). The key driver for this evolutionary 

change is believed to be cytosine deamination (Figure 1.9), where unstable cytosine can readily 

deaminate into uracil (Handa et al., 2002; Lazcano et al., 1988). This deamination process 
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results in G-U mismatches in DNA as G can pair with U, which can then result in changes to 

A-T/A-U base pairs in the genome, and such changes are mutagenic (Vassylyev and Morikawa, 

1996). The evolution of thymidylate synthesis from dUMP, however, seems to be more of an 

indirect solution to cytosine deamination. It allows U in the genome where C would normally 

be to be distinguished from proper A-T base pairs, but as cytosine deamination is still 

occurring, it is not a direct fix for the issue. It is therefore logical that an inefficient system of 

deamination repair existed first, and that the use of T was instead driven as a solution to 

inefficient repair of deamination by uracil DNA glycosylase. Poole et al. (2001) originally 

proposed the idea of repair driving the U to T transition, stating that, in the absence of repair, 

cytosine deamination would not be repaired regardless of the presence of thymidylate synthase 

(the enzyme responsible for converting dUMP to dTMP, and thus the key enzyme for 

production of T). Because of this, the evolution of T alone was not a solution to cytosine 

deamination, so this transition was instead driven by non-specific repair of uracil in the 

genome. This will be further discussed in 1.7. 

 

 

Figure 1.9. The mechanism of cytosine deamination. This is a hydrolysis reaction where the addition of water results in the 

loss of an amino group. This process can result in G:U mismatches in DNA, and can occur spontaneously, or through the 

action of cytosine deaminase enzymes (Nabel et al., 2011). 

 

1.6. Where is T not used? 

While U-DNA is used in some viruses (Kiljunen et al., 2005; Rihtman et al., 2021; Takahashi 

and Marmur, 1963), exclusively U-DNA cells are not known to exist in nature. However, some 

species do not appear to have genes that encode for either uracil-DNA glycosylase (UNG) or 

dUTPase (Kerepesi et al., 2016), and there are even some situations where uracil is tolerated 

in the genome (Muha et al., 2012). Kerepesi et al., (2016) analysed ~2,700 archaeal and 
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bacterial genomes and found several lineages which do not possess distinguishable UNG or 

dUTPase genes, or in some cases, some lineages which do not possess either of these genes. 

However, the authors do not delve further into the composition of these genomes. It is not 

possible to know whether these organisms are exclusively using uracil, or whether they have 

developed an alternative mechanism for the production of thymine. As the authors 

acknowledge, it could be possible that these organisms have developed novel ways of 

producing thymine and repairing erroneous uracil incorporated into the genome. Alternatively, 

when investigating further, genera such as Mycoplasma, are highly represented in the data as 

lacking one or either of the dUTPase and UNG genes. Organisms with reduced genomes often 

have developed alternative methods of obtaining required biomolecules, such as scavenging 

them from an environment or host (Lundin et al., 2009), so it is possible that this could also 

account for the loss of some of these genes. 

Muha et al., (2012) have investigated the absence of a uracil-DNA glycosylase enzyme from 

Drosophila genome, as well as the lack of dUTPase expression in fruit fly larvae. They 

hypothesise that the lack of these genes may mean that uracil is accumulating in the Drosophila 

genome, and that it may even be tolerated due to the loss of UNG. The study found that DNA 

from fruit fly larvae, pupae and imago contain between 200-2,000 uracil residues per million 

bases, and that the uracil is present in a far higher concentration in larval tissues during larval 

development. Following pupation and metamorphosis, uracil content is found to decrease, so 

it was proposed that high uracil content is likely important for larval development in fruit flies, 

although the exact role of this remains unknown. Further to this, it was found that the uracil 

accumulation appears to be stage-specific. Knocking out dUTPase in early pupal fruit flies was 

found to be lethal despite it being tolerated in larval stages, indicating stage-specific tolerance 

of high uracil content that does not persist through the entire fly lifecycle. This represents only 

a 0.2% replacement of T with U in larvae, so the level of replacement overall is still quite low. 

1.7. How did the U to T transition occur? 

 

While the above examples show situations where uracil might be tolerated in DNA, exclusively 

U-DNA cells have not been seen in modern cells. If thymidylate biosynthesis evolved after the 

evolution of deoxyribonucleotides, this poses questions as to why the use of thymine has 

become so heavily conserved in modern cells. The selective pressure for the use of T was likely 

incredibly strong for T to be used exclusively in place of U in modern DNA. While cytosine 
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deamination provides a strong selective pressure for the evolution of thymine use (Figure 1.10), 

in the absence of repair of erroneous uracil incorporation, it is not logical for thymine use to 

have evolved in this manner. Poole et al.'s paper (2001) discusses the plausibility of four 

possible scenarios for how the U→T transition in DNA may have occurred. These scenarios 

are centred around various states of uracil-targeting repair enzymes being present to repair 

cytosine deamination driving the evolution of thymine: 

 

 

Figure 1.10. Cytosine deamination results in G:U errors in DNA. Figure modified from Poole et al. (2001). 

Scenario 1: Thymidylate synthase with no repair enzyme 

Under a scenario with thymidylate synthase converting dUMP to dTMP, but no mechanism for 

uracil removal and repair, cytosine deamination occurs, resulting in G:U mismatches, but these 

are not repaired, and so persist as errors in the genome. Thymidylate synthase therefore does 

not solve C deamination so appears insufficient to have driven the U→T transition in the 

absence of uracil repair (Figure 1.11).  
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Figure 1.11. The evolution of thymidylate synthase in the absence of repair results in mutagenic G:U pairs from cytosine 

deamination remaining unrepaired, while A:U pairs become A:T pairs. Figure modified from Poole et al. (2001). 

Scenario 2: non-specific repair (UNG) 

In the presence of a non-specific UNG, non-specific targeting of all U in the genome is 

expected to lead to futile mutagenic cycling, where A:U pairs are repeatedly targeted by the 

Base Excision-Repair pathway (Figure 1.12, Figure 1.15), resulting in cell death due to 

multiple single- and double-stranded breaks in the genome (Ahmad et al., 1998). In modern 

cells, thymidylate synthase knock-outs are known to be lethal via a process termed thymineless 

death — unless UNG is also knocked-out to prevent this futile cycling, (el-Hajj et al., 1992; 

Marlière et al., 2011). Because of the severity of this phenotype, evolution of a modern UNG 

activity creates a selection pressure, but it is too strong (as it rapidly leads to lethality), so is 

not expected to drive the transition to T. 
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Figure 1.12. Uracil-DNA glycosylase results in futile mutagenic cycling. In an U-DNA genome, an UNG enzyme would 

allow for the repair of G:U pairs from cytosine deamination, but would also target all A:U pairs. This would result in futile 

cycling of repair at A:U pairs, with this scenario expected to result in cell death before thymidylate synthase evolved. Figure 

modified from Poole et al. (2001). 

Scenario 3: specific repair (MUG) 

Mismatch-specific uracil-DNA glycosylase (MUG) enzymes specifically target U residues 

opposite G, and thus faithfully repair cytosine deamination (since U:G pairs derive from 

deamination at C:G pairs). There is no need to differentiate between G-U and A-U pairs in the 

presence of faithful repair, thus T is not beneficial (Figure 1.13). As a result, MUG would not 

be expected to drive the transition from U to T. 
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Figure 1.13. Mismatch-specific uracil-DNA glycosylase (MUG) enzymes would not be expected to drive the U to T 

transition. MUG enzymes would repair mutagenic G:U pairs faithfully, providing a scenario where the evolution of T would 

not be beneficial over the use of U. Figure modified from Poole et al. (2001). 

Scenario 4: ‘leaky’ repair (‘leaky’ MUG) 

A ‘leaky’ MUG enzyme is a proposed hypothetical intermediate between a MUG and UNG 

enzyme, which targets primarily G:U pairs, and occasionally targets A:U pairs, thus was 

suggested to be more likely to have driven the U→T transition (Poole et al., 2001). This is 

because the effect of futile mutagenic cycling would not be as severe, providing a plausible 

selective pressure for the U→T transition (in contrast to UNG, which is lethal (el-Hajj et al., 

1992; Marlière et al., 2011a)) (Figure 1.14). 

 

Figure 1.14. A ‘leaky’ mismatch-specific uracil-DNA glycosylase enzyme would result in occasional futile cycling that 

would drive the U to T transition. Erroneous G:U pairs would be repaired faithfully with occasional targeting at A:U pairs 

providing a selective benefit for the evolution of T so that erroneous U could be differentiated from A:U (then A:T) pairs. This 

scenario is less severe than an UNG enzyme that targets all U in the genome, so would have been less likely to cause cell death 

prior to the evolution of thymidylate synthase. Figure modified from Poole et al. 2001. 

It is therefore likely that some form of uracil repair enzyme existed before the transition to T, 

and that inefficient repair is what ultimately drove the transition to the use of thymine in 

modern DNA. 
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Figure 1.15. Base-excision repair pathways for cytosine deamination. Uracil-DNA glycosylase (UNG) firstly excises U in 

the genome, leaving an abasic site. The remainder of the process is then completed by general base-excision repair pathways 

in the cell (Dianov and Lindahl, 1994), where AP endonuclease creates a nick in the phosphodiester backbone of the abasic 

site. There are then two different methods for repairing DNA. The first involves deoxyribosephosphate lyase (dRPase) excising 

deoxyribo-5'-phosphate, and DNA polymerase and DNA ligase then repair the abasic site. In the second pathway, DNA 

polymerase displaces the existing strand, leaving an unpaired ssDNA region that is then removed by 5’-3’ exonuclease, and 

the strand is repaired by DNA ligase. Figure adapted Poole et al. (2001). 

Forterre (2001, 2002, 2005) proposed that thymine use originated from viruses, and that U-

DNA viruses that exist today are relics of thymine use existing exclusively in viruses prior to 

transfer to cells. Forterre (2005) argues that the selection pressure for thymine use must have 

been incredibly strong, as it has been observed to have evolved at least twice independently, 

with the observation of two structurally unrelated thymidylate synthase proteins, ThyX and 

ThyA, both existing in modern cells (Myllykallio et al., 2002). Alongside this, as discussed 
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previously, three different classes of ribonucleotide reductases are also observed, which 

possess very little sequence similarity and utilise different cofactors (Poole et al., 2000; Stubbe, 

2000). While cytosine deamination, and increased cellular complexity being possible in T-

DNA cells are argued to be the factors that drove the transition from U to T (Forterre, 2005), 

Forterre argues that these are not the selective pressure that drove the change from U-DNA to 

modern T-DNA, with these arguments saying that T-DNA evolved to account for future 

complexity, prior to the need of the capacity to handle such complexity. Instead, Forterre 

(2005) proposes that selection pressures that provide an immediate benefit to the cell would be 

more likely to have driven the U to T transition. Potential pressures could have included 

protection from competitors, protection from RNases, as well as protection from viral attacks 

where the virus would target RNA genomes (Forterre, 2002). Thinking of this from an 

alternative way, where viruses were instead the first to evolve U-DNA genomes, this would 

have provided protection from attack by RNA genomes (Forterre, 2005). As several different 

mechanisms are seen to exist to prevent defence against viral attacks, such as RNA viruses 

protecting their RNA genome by keeping it inside the viral capsid, or encoding proteins that 

inhibit degradation of viral RNA, Forterre (2005) argues that U-DNA evolution could have 

provided a further logical method for viruses to protect themselves. Some evidence for this is 

seen in the phylogenetic record, with some viruses seen to encode ribonucleotide reductases 

and thymidylate synthetases that are closely related to those of their hosts (Forterre et al., 2004). 

The machinery for U-DNA was then later transferred to cells, through large DNA viruses that 

also encoded a reverse transcriptase. If DNA replication had been more efficient than RNA 

replication in this case, the DNA genome would take over and eliminate the RNA genome. 

Increasing complexity of the DNA genome, an ability of these DNA cells to fix cytosine 

deamination, and these DNA cells outcompeting cells with RNA genomes then led to the 

modern T-DNA cells that we know of today.  

1.8. Summary 

1.8.1 Can we recreate the evolution of DNA 

It is important to note that we do not know the exact sequence of events in the evolution of 

DNA, and it is not possible to replicate evolution exactly in modern systems. Experiments may 

recreate plausible situations that represent scenarios that might have occurred during evolution, 

but our ability to elucidate the precise way in which RNA, DNA or proteins evolved is limited. 
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This thesis does not aim to recreate the exact scenario under which RNA or DNA evolved, 

instead we aim to use modern cells to investigate whether certain steps could have plausibly 

existed. If we can recreate these states in modern cells, then it provides evidence that such a 

scenario could have occurred at some point during evolution. 

1.8.2 Aims of this thesis 

Questions pertaining to early origins can be difficult to answer due to traces of evolutionary 

history either being lost or replaced over time. It is however possible to experimentally test 

hypothetical states of evolution to provide further support either for or against hypotheses. This 

project aims to investigate two key questions surrounding the origins of DNA. 

1. Could early genomes have been composed of U-DNA?  

2. Could DNA synthesis have evolved earlier through the deoxyriboaldolase pathway? 

If we are successful in creating a cell that exclusively uses U-DNA, we will be able to use this 

strain to answer several questions about the origins of thymine use, and what could have 

plausibly provided the selective pressure for the transition from U-DNA to T-DNA. To do this, 

we have firstly tried to recreate a U-DNA cell through knocking out key genes in the 

thymidylate synthesis pathway, which we believe is representative of the proposed U-DNA 

ancestral state. This will eventually provide a foundation to test the effect of the four 

aforementioned scenarios: no repair, non-specific repair, specific repair and ‘leaky’ repair. 

Testing each of these scenarios will allow us to investigate which of these is most likely to 

have driven the U→T transition. 

In addition to this, if we can redirect deoxyribonucleotide synthesis in modern cells to use the 

alternative deoxyriboaldolase pathway it would provide evidence that DNA could have 

evolved earlier than originally believed through such a pathway. To test this, we have generated 

a strain devoid of ribonucleotide reduction, the ubiquitous pathway in modern cells to produce 

deoxyribonucleotides from ribonucleotides. From there we have attempted to redirect synthesis 

of deoxyribonucleotides via the reverse deoxyriboaldolase pathway to investigate whether it is 

possible to generate the DNA building blocks in modern cells without ribonucleotide reduction.
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Chapter 2. Creation of a Uracil-DNA Cell 

2.1. Introduction 

 

Modern DNA synthesis pathways hint at a two-step transition from RNA to modern DNA, 

with a uracil-DNA intermediate existing between the final transition to modern DNA (Poole et 

al., 2001) (Figure 2.1). Key to this first transition was the evolution of ribonucleotide reduction, 

the reaction responsible for the reduction of ribonucleotides to deoxyribonucleotides 

(Bernhardt, 2012; Cech, 2010). These ribonucleotide reductase enzymes perform complex 

free-radical chemistry that would not have been capable of RNA enzymes, hinting at a late, 

post-last universal common ancestor (LUCA) emergence of DNA (Forterre, 2005; Poole and 

Logan, 2005). This would indicate that the transition to modern DNA occurred in an organism 

of similar complexity to modern bacteria. If this is true, we should be able to generate a modern 

bacterial cell able to use U-DNA in place of T by targeting thymidylate biosynthesis pathways. 

Generating this intermediate will put us in a position where it becomes possible to test the 

repair-first hypothesis discussed in Chapter 1, and will give support to the idea of DNA 

evolution occurring late in evolution, post-LUCA.  

 

Figure 2.1. The DNA building blocks are synthesised from their constituent RNA building blocks, producing deoxyadenine 

triphosphate (dATP), deoxyguanidine triphosphate (dGTP), deoxycytidine triphosphate (dCTP) and deoxyuridine triphosphate 

(dUTP). dTTP, the fourth nucleotide used in DNA, is synthesised from dUTP through a further four enzymatic steps, which 

suggests the existence of a U-DNA intermediate in the evolution of modern DNA from an RNA world. 
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In modern cells, attempts at knocking out key genes in thymidylate synthesis quickly result in 

a phenomenon termed thymineless death. This was initially discovered in early experiments, 

where strains of E. coli lacking the thymidylate synthase gene would quickly succumb to cell 

death (Barner and Cohen, 1954), but the exact mechanism by which this occurs is still not well-

understood. Initiation of DNA replication is thought to play a key role in thymineless death, 

with mutations to dnaA, or supplementation with antibiotics that prevent replication initiation 

from occurring, seen to stave off the effects of thymineless death (Bouvier and Sicard, 1975; 

Martín et al., 2014). Significant degradation of DNA around the replication origin is seen 

during thymineless death (Kuong and Kuzminov, 2010), and the SOS-response gene sulA is 

known to repress cell division from occurring during thymine deprivation, prolonging death 

(Fonville et al., 2010). This shows the importance of replication and cell division in this 

process. In addition to this, double-stranded and single-stranded breaks in the DNA are thought 

to commonly occur during thymineless death (Guarino et al., 2007; Nakayama and Hanawalt, 

1975), and the observation that some mutants in the recBCD recombination repair genes 

accelerate thymineless death (Kuong and Kuzminov, 2010) indicate that repair is likely playing 

a crucial role in the process. 

Despite thymineless death occurring rapidly following thymine deprivation, a number of  

experiments managed high levels of replacement of T in the genome, indicating that 

replacement of T is possible. El-Hajj et al. (1992) attempted to replace T with U in the genome, 

but did not achieve full replacement. In this experiment, thymineless death occurred when ~93-

96% replacement of thymine had been achieved, and further levels of replacement were not 

possible. Later work also attempted replacement of T with chlorouracil, and managed to 

achieve ~99% replacement of T using experimental evolution (Marlière et al., 2011). Marlière 

and colleagues’ experimental set-up involved cycling knock-out strains between a relaxing 

media (containing supplemented thymidine) and a stressing media with no added thymidine. 

By cycling between these different media 64 times every 24 hours, the group were able to 

achieve ~99% replacement, and hypothesised that further replacement with chlorouracil was 

possible if the remaining source of T was found. In addition to this, (Mehta et al., 2016a) were 

able to reach 75% replacement of T with 2'-deoxy-5-(hydroxymethyl)uridine (5hmU) in 

genomic DNA by knocking out thyA and engineering an alternative pathway to instead 

generate 5hmU. These experiments demonstrate that replacement of T, and thus a U-DNA 

genome, should be possible. 
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This chapter aims to generate a cell with a U-DNA genome in Escherichia coli. Firstly, key 

genes in the thymidylate synthesis pathway have been knocked out using a scarless genome 

engineering protocol to create a strain incapable of producing its own source of thymidylate 

(Fehér et al., 2008). Uracil-DNA glycosylase (UNG) is responsible for excising uracil from 

DNA through cleavage of the N-glycosidic bond, which initiates base-excision repair pathways 

in the cell (Figure 1.15) (Dianov and Lindahl, 1994; Lindahl and Wood, 1999). ung will be 

essential to knock-out prior to knocking out any genes responsible for T production. If this 

gene is not firstly knocked out, then it would be expected that later knock-outs of thymidylate 

synthase would not be possible, and that it would also not be possible to incorporate high levels 

of U in the genome (el-Hajj et al., 1992). While a number of these UNG enzymes are mismatch 

specific (usually termed MUG enzymes - see Chapter 1 for a summary of the different types), 

the key ung gene in E. coli is not mismatch-specific and will target any U in the genome 

irrespective of location. This knock-out is aimed at eliminating futile mutagenic cycling of base 

excision repair at U-A basepairs, which we expect would result following dUMP incorporation 

into the genome. 

E. coli does, however, possess a second uracil-DNA glycosylase gene, ygjF, that is mismatch-

specific (Lee et al., 2010), and therefore less important in the context of this evolution 

experiment. As MUG in E. coli is only known to target G•U mismatches, it could prevent fewer 

mutational changes in these strains as a result of cytosine deamination and therefore could be 

beneficial in successfully making a strain devoid of all T in the genome. MUG will need to be 

knocked out prior to future experiments that investigate the evolution of T, as we intend to 

reintroduce different types of uracil-DNA glycosylase enzymes. 

Following knock-out of ung, it was then possible to knock-out the key gene in the thymidylate 

biosynthesis pathway: thymidylate synthase (thyA). This gene is responsible for the production 

of dTMP from dUMP, through methylation to the C-5 H of U (Berg et al., 2002). Thymidylate 

synthase is classified as essential by the KEIO collection (Baba et al., 2006), and inhibition of 

this protein forms the basis of many anticancer drugs due to the cell death that is induced 

(Harris et al., 1999; Hu et al., 2012; Neuberger et al., 2005). In previous experiments where 

inhibition or knock-out of thyA has been achieved, dUMP pools are increased in the cell and 

incorporation of U into DNA increases (Aherne and Brown, 1999; Webley et al., 2001). This 

does not impact the readability of the genome, as DNA polymerases readily incorporate dUTP 

instead of dTTP (Harris et al., 1999; Hu et al., 2012; Neuberger et al., 2005; Tye et al., 1978). 

Mutations to thymidylate synthase are also known to not be lethal in certain conditions (el-Hajj 
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et al., 1992; Marlière et al., 2011a; Mehta et al., 2016a), and there are cases where viruses are 

known to use U-DNA genomes (Kiljunen et al., 2005; Takahashi and Marmur, 1963). As 

explained previously, experiments have also attempted to replace thymine with uracil in the 

genome, but have not yet achieved full replacement (el-Hajj et al., 1992). 

tRNA m5U54 methyltransferase (trmA) was also knocked out in these strains. This gene is 

responsible for the methylation of uracil at position 54 of tRNA to produce ribothymidine in 

the T4C loop of tRNA (Marlière et al., 2011a). Through recycling of tRNAs, this can provide 

a source of T for incorporation into DNA (Nielsen et al., 1974). Previous experiments by 

Marlière et al. (2011) were able to achieve ~99% replacement of genomic T with chlorouracil 

only once trmA had been knocked out, and this will likely be essential to achieve complete 

replacement in the context of our own experiment. 

Another important source of T in E. coli could also comes from the deamination of methylated 

cytosine (Duncan and Miller, 1980). For this reason, the strain of E. coli used for these 

experiments (REL606) is deficient in cytosine methylation (dcm-), preventing use of this 

additional source of T. 

We then slowly adapted these knock-out strains to the loss of thymidylate biosynthesis through 

use of an evolution experiment, similar to the approach taken by Marlière et al. (2011). Our lab 

has previously used evolution experiments extensively to address a number of evolutionary 

questions (Catchpole, 2015; Lai, 2017; Rickerby, 2016), and allow gradual adaptation to 

conditions that would not otherwise be tolerated, such as the case when essential genes are 

knocked out. We intend to follow a similar set-up to that followed by (Lenski et al., 1991) in 

his long-term evolution experiment that has now reached over 50,000 transfers (Tenaillon et 

al., 2016). This allows us to set-up our experiment in a strain (REL606, the founding strain of 

Lenski’s experiments) that is already well-studied, so that we can better understand any 

changes observed during the context of our experiment. This will be achieved by growing and 

transferring our thymidylate biosynthesis knock-outs to decreasing concentrations of 

thymidine (dT) supplementation each time saturation of the culture is reached, and repeating 

this process until the strains are able to be grown without any dT supplementation at all. This 

chapter ultimately aims to set up a foundation for testing the repair-first hypothesis from (Poole 

et al., 2001) by creating a strain of Escherichia coli with high, or complete, levels of 

replacement of genomic T with U.  
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2.2. Methods 

2.2.1  Strains and media 

Escherichia coli strain B REL606 (Genotype: F-, tsx-467(Am), araA230, lon-, rpsL227(strR), 

hsdR-, [mal+](LamS)) was used for all experiments in this chapter. This strain is the founding 

strain of Richard Lenski’s long term evolution experiment and kindly gifted by Tim Cooper 

(Massey University, Auckland). All strains were grown at 30°C or 37°C, as specified. 

Media used for these experiments was a modified EZ rich media (Neidhardt et al., 1974), 

supplemented with either 5g/L dextrose (EZ5000) or 20g/L (EZ20000), as specified. This 

media is a fully-defined rich media. LB was also used as specified (Life Technologies). 

Bacteriological agar was added to a concentration of 1.5% w/v (Oxoid) to either EZ rich or LB 

when solid media was required. The following antibiotics were also used at the following 

concentrations: streptomycin, 100μg/ml; ampicillin, 100μg/mL; kanamycin, 20μg/mL; 

trimethoprim, 100μg/mL; chlortetracycline, 30µg/mL. The deoxyribonucleosides 

deoxythymidine and deoxyuridine were also added to media as specified at varying 

concentrations. A detailed description of the composition of the EZ rich media used in this 

chapter is provided in Appendix 1. 

2.2.2 Scarless knock-out protocol 

A scarless genome engineering protocol (Fehér et al., 2008) was used to create successive 

knock-outs of the uracil-DNA glycosylase (ung), thymidylate synthase (thyA) and 

tRNA(m5U54)methyltransferase (trmA) genes in the REL606 strain. This protocol utilises two 

temperature-sensitive suicide vectors to generate a strain that is identical to the ancestor except 

for the target modification. The first plasmid, pST76-A, contains the knock-out construct, 

flanked by 500bp either side of the gene to be knocked out. Growth at a temperature non-

permissible to plasmid replication (42°C) in the presence of the antibiotic marker on pST76-A 

makes it possible to integrate this vector into the genome at either one of the two sites 

possessing the 500bp of homology. The second plasmid, pSTKST, expresses the I-SceI 

endonuclease. This cuts an I-SceI site present on the integrated pST76-A plasmid, inducing 

recombination. The recombination results in a 1:1 ratio of cells with the desired gene 

replacement to the original wildtype sequence. Finally, the endonuclease-expressing plasmid 

can be displaced by growth at 42°C in the absence of the antibiotic kanamycin. Figure 2.2 
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provides an overview of this scarless engineering method, with Figure 2.3 providing more in-

depth detail of how the knock-out constructs were generated. 
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Figure 2.2. Overview of the scarless genome engineering protocol. a) the pST76-A plasmid is engineered to contain the 

gene modification of interest, surrounded by 500bp of flanking sequence upstream and downstream of where it will be 

integrated into the chromosome. This is transformed into the strain that will be modified. b) The transformant is subsequently 

grown at 42°C in the presence of ampicillin (the selectable marker on the plasmid). This temperature is non-permissible to the 

replication of pST76-A and results in cells either integrating the plasmid into their chromosome (where the target modification 

is) or cell death due to an inability to express the ampicillin resistance marker gene. Once the plasmid is integrated into the 

genome, the strain is no longer temperature-sensitive and can be grown at 37°C.  c) A second temperature-sensitive plasmid, 

pSTKST, is then transformed into the strain containing the integrated pST76-A plasmid. This plasmid expresses the I-SceI 

endonuclease under control of the chlortetracycline promoter. d) Upon induction with heat-inactivated chlortetracycline, the 

I-SceI endonuclease is expressed and a I-SceI site on the pST76-A plasmid is cut. As pST76-A is integrated into the 

chromosome, the chromosome is cut, inducing recombination. e) Due to the 500bp of homology either site of the gene 

modification, this recombination results in either the original chromosomal sequence being retained or replacement by the 

sequence introduced on pST76-A. The replacement is expected to occur at a 1:1 ratio. f) pSTKST is then displaced by growing 

the strain at 42°C a second time in the absence of the selective marker on the plasmid (kanamycin). This favours plasmid loss 

over chromosomal integration so that the plasmid is displaced from the cell and the ultimate result is a scarless genome 

modification. This process can then be repeated for subsequent genome modifications.  
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Figure 2.3. Method for generating a knock-out for scarless genome engineering. The two flanking regions of the gene are 

amplified with the d and br primers (PCR 1) and the bf and e primers (PCR 2). The bf and br primers contain flanking regions 

that match to the region on the opposite side of the gene to be knocked out, meaning that the two primers are completely 

complementary. A second PCR then joins the two fragments to exclude the gene with the a and b primers. These primers 

contain overhangs with restriction sites (RS1 and RS2) matching pST76-A, producing a knock-out construct flanked by 2 

restriction sites matching those in pST76-A. The construct is digested and ligated into pST76-A to generate the vector for use 

with the scarless genome engineering protocol. Chromosomal integration of the plasmid is what facilitates the knock-out, with 

growth at 42 degrees in the presence of ampicillin forcing chromosomal integration at either end of the gene (only one of these 

options is shown here for simplicity). pST76-A is then cut by I-SceI at the site indicated by the purple line, inducing 

homologous recombination. Recombination results in either the original wildtype sequence or the knock-out sequence at a 1:1 

ratio. Image modified from (Fehér et al., 2008). 



Chapter 2 | Creation of a Uracil-DNA Cell 

 47 

Table 2.1 provides the sequences of all oligonucleotides used to construct the knock-outs in 

this Chapter. Overviews of all plasmids used in this chapter are presented in both Figure 2.4 

and Table 2.2.  

To create the plasmid required for the ung knock-out, Escherichia coli strain Mach I containing 

pST76-A was grown in LB media supplemented with ampicillin overnight at 30°C. The 

plasmid was isolated using the PureLink® Quick Plasmid Miniprep Kit (Invitrogen). This 

plasmid was then digested with BamHI and EcoRI (NEB) via a sequential digest, with heating 

at 65°C for 20 minutes after the first digest to inactivate BamHI, and cleaned up using the 

Wizard SV Gel and PCR Clean-up System (Promega) following the EcoRI digest.  

The creation of the ung knock-out construct was performed in two steps: at least 700bp either 

side of the ung gene from E. coli REL606 was amplified from extracted genomic DNA using 

Phusion® High-Fidelity DNA Polymerase (New England Biolabs), with the ung-789bp and 

ung_br, and the ung_bf and ung+1059bp primers in two separate reactions (Table 2.1). 

Fragments of the correct size were confirmed by gel electrophoresis, and were purified using 

the Wizard SV Gel and PCR clean-up system. The two purified fragments were combined to 

exclude ung in a second PCR reaction using the ung-500bp BamHI and ung+500bp EcoRI 

primers (Table 2.1). These primers introduced the BamHI and EcoRI restriction sites to aid 

with insertion into pST76-A at the corresponding sites in this plasmid. A second purification 

step was performed after confirming the fragment size using gel electrophoresis, and the 

~1800bp PCR product was digested using BamHI and EcoRI, as described above for pST76-

A.  

The digested ung knock-out construct was ligated into the digested pST76-A plasmid product 

using the Thermo Fisher rapid DNA ligation kit, following the manufacturer’s specifications 

directly, with the exception of leaving the ligation overnight at room temperature. The pST76-

A::ung KO ligation product was transformed into calcium chloride-competent E. coli strain 

DH5α using heat shock at 42°C for 1 minute and 30 seconds (Sambrook, J., Fritsch, E. R., & 

Maniatis, 1989), and successful transformants were selected by plating on LB agar 

supplemented with ampicillin overnight at 30°C. A selection of the transformants were 

screened using KAPA2G Robust HotStart ReadyMix PCR Kit (KAPA Biosystems), with the 

T1 and T2 primers that span the pST76-A multiple cloning site (Table 2.1). pST76-A was 

isolated from any colonies that returned the expected size using the PureLink® Quick Plasmid 
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Miniprep Kit (Invitrogen) and were confirmed by Sanger sequencing with the T1 and T2 

primers (Macrogen, Korea). 

 

Table 2.1. Primers used for the construction of ∆ung∆thyA∆trmA knock-outs 

PRIMER NAME PRIMER SEQUENCE 
ung-789bp 5ʹ ‒CTTGCCCTGTTGCTGGTCTA‒ 3ʹ 

ung_br 5ʹ ‒ CCGGCATTTTCCCGCAAATGCTCTCCTGCGAATCTTCAA‒ 3ʹ 
ung_bf 5ʹ ‒ TTGAAGATTCGCAGGAGAGCATTTGCGGGAAAATGCCGG‒ 3ʹ 

ung+1059bp 5ʹ ‒GCGGCAAGGTCAAAGTGATG‒ 3ʹ 
ung-500bp EcoRI 5ʹ ‒GGACTTGAATTCTTCCAGAGTTTCACGACGCA‒ 3ʹ 

ung+500bp BamHI 5ʹ ‒GGACTTGGATCCTGTGGTGGATGAAGCGGAAT‒ 3ʹ 
thyA-710bp 5ʹ ‒ACGCTACTGATCGCCATAGC‒ 3ʹ 

thyA_br 5ʹ ‒ CAACACGTTTCCTGAGGAACCTTACGAAACATCCTGCCAGAG ‒ 3ʹ 
thyA_bf 5ʹ ‒ CTCTGGCAGGATGTTTCGTAAGGTTCCTCAGGAAACGTGTTG‒ 3ʹ 

thyA+804bp 5ʹ ‒GGCCTGATGTATCTGGTGGG‒ 3ʹ 
thyA-500bp EcoRI 5ʹ ‒GGACTTGAATTCGGCCAAAGAAAGCAAGCGAA‒ 3ʹ 

thyA+500bp BamHI 5ʹ ‒GGACTTGGATCCGATTATCTTCGCCCGCCGTA‒ 3ʹ 
trmA-866bp 5ʹ ‒ACCATGGTTGATGAGAGCGG‒ 3ʹ 

trmA_br 5ʹ ‒GCCGCGTACTTTAATTTTTCAGGAAACCCATGCCGGATGCGCCA‒ 3ʹ 
trmA_bf 5ʹ ‒TGGCGCATCCGGCATGGGTTTCCTGAAAAATTAAAGTACGCGGC‒ 3ʹ 

trmA+864bp 5ʹ ‒CTTCCCCACCCTGCTGAAAT‒ 3ʹ 
trmA-500bp SacI 5ʹ ‒GGACTTGAGCTCGAGCGACTGGTACTGCAACT‒ 3ʹ 

trmA+500bp BamHI 5ʹ ‒GGACTTGGATCCCCAGCGGTCGATATCCTGAC‒ 3ʹ 
T2 5ʹ ‒CGAATTGTCGACAAGCTTGATCTGGC‒ 3ʹ 
T1 5ʹ ‒CGGAAGGATCTGAGGTTCTTATGGC‒ 3ʹ 

pSTKST F 5ʹ ‒GACTGGCTAATGCACCCAGT-3ʹ 
pSTKST R 5ʹ ‒GGTGCCCTGAATGAACTCCA- 3ʹ 

ung internal F 5ʹ ‒AAGTGGTGATTCTCGGCCAG‒ 3ʹ 
ung internal R 5ʹ ‒ATCCAGTCAATCGGCGTCTC‒ 3ʹ 

thyA internal F 5ʹ ‒TGATTGCTGTACAGGTGCGT‒ 3ʹ 
thyA internal R 5ʹ ‒TGCAGGGCGACACTAACATT‒ 3ʹ 
trmA internal F 5ʹ ‒ATACGCCGCACTCCATATGG‒ 3ʹ 
trmA internal R 5ʹ ‒ACAAACCAAAAGCCGCATCC‒ 3ʹ 
gstA internal F 5ʹ ‒ CTTTGCCGTTAACCCTAAGGG‒ 3ʹ 
gstA internal R 5ʹ ‒ GCTGCAATGTGCTCTAACCC ‒ 3ʹ 
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Figure 2.4. Plasmids used in this study. a) pST76-A (accession: Y09895), a temperature-sensitive plasmid containing an I-

SceI site used for integrating knock-out constructs into the genome; b) pSTKST (accession: AF406953), another suicide vector 

expressing the I-SceI endonuclease under a tetracycline promoter that is induced by chlortetracycline. This cuts pST76-A at 

the aforementioned I-SceI site, inducing recombination of pST76-A into the genome at homolgous regions; c) pST76-A 

containing an ung knock-out construct cloned into the EcoRI and BamHI sites; d) pST76-A with a thyA knock-out construct 

cloned into via the EcoRI and BamHI sites; e) pST76-A containing a trmA knock-out construct cloned into the SacI and BamHI 

sites. The trmA knock-out region contains an internal EcoRI site, thus this could not be used for cloning. Homology to the 

regions flanking the genes to be knocked out facilitate the site of integration when I-SceI is cut.  

 



Chapter 2 | Creation of a Uracil-DNA Cell 

 51 

Table 2.2. Plasmids used for the construction of ∆ung∆thyA∆trmA knock-outs 

PLASMID ORIGIN RESISTANCE EXPRESSING EXPRESSION 
INDUCED BY 

SOURCE 

pST76-A pSC101 ampicillin NA NA (Pósfai et al., 1997) 
pSTKST pSC101 kanamycin I-SceI chlortetracycline (Pósfai et al., 1997) 

pST76-A::∆ung  pSC101 ampicillin NA NA This study 
pST76-A:: ∆thyA pSC101 ampicillin NA NA This study 
pST76-A:: ∆trmA pSC101 ampicillin NA NA This study 

 

The extracted pST76-A::ung KO plasmid was used to transform E. coli strain REL606 using 

electroporation at 2.5kV for 5ms (Becker and Guarente, 1991). After recovery, cells were 

plated on LB containing streptomycin and ampicillin and were grown overnight at 30°C. 

Transformants were restreaked on the aforementioned media, and the presence of pST76-

A::ung KO was confirmed using KAPA2G Robust HotStart ReadyMix PCR Kit (KAPA 

Biosystems), with the T1 and T2 primers (Table 2.1). A selection of positive colonies were 

then restreaked on LB with streptomycin and ampicillin and grown at 30°C for 4 hours, 

followed by 42°C for 12 hours and 37°C for 24 hours to force integration of pST76-A::ung KO 

into the REL606 chromosome. Large colonies were restreaked on the same media and were 

grown for a further 24 hours at 37°C. Colonies were screened using KAPA2G Robust HotStart 

ReadyMix PCR Kit (KAPA Biosystems), using the T2 and ung+1059bp and ung-789bp and 

T1 primers to test for integration at either the beginning or end of the ung in the REL606 

chromosome (Table 2.1). 

The pSTKST plasmid was extracted using the PureLink® Quick Plasmid Miniprep Kit 

(Invitrogen) from an overnight culture of E. coli MachI + pSTKST grown at 30°C overnight 

in LB supplemented with kanamycin. This plasmid was then used to transform the confirmed 

REL606::pST76-A::ung KO using electroporation at 2.5kv for 5ms (Becker and Guarente, 

1991), with the recovered cells plated on LB containing streptomycin, ampicillin and 

kanamycin overnight at 30°C. Transformants were restreaked onto LB, streptomycin, 

ampicillin and kanamycin plates, with successful transformants confirmed by PCR with 

KAPA2G Robust HotStart ReadyMix PCR Kit (KAPA Biosystems) and the pSTKST F and 

pSTKST R primers. 

To induce I-SceI expression, and thus the recombination that results in ung knock-outs, 

REL606::pST76-A::ung+pSTKST colonies were grown in liquid LB media containing 

supplemented streptomycin, kanamycin and heat-inactivated chlortetracycline for 24 hours at 

30°C. A 10-5 dilution of this culture was plated onto LB agar supplemented with streptomycin, 
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kanamycin and heat-inactivated chlortetracycline, and were grown for a further 24 hours at 

30°C. Observed colonies were screened using KAPA2G Robust HotStart ReadyMix PCR Kit 

(KAPA Biosystems) and the ung-789bp and ung+1059bp primers (Table 2.1). Any colonies 

with a band corresponding to the expected knock-out were restreaked onto LB agar containing 

streptomycin and were grown for 4 hours at 30°C, followed by 12 hours at 42°C and 24 hours 

at 37°C in the absence of kanamycin to displace the pSTKST plasmid. Plasmid loss was 

confirmed by lack of growth on kanamycin when replica plating colonies onto LB agar 

containing streptomycin and LB agar containing kanamycin and streptomycin. Those colonies 

that did not grow on kanamycin were confirmed as knock-outs of ung by Sanger sequencing 

across the ung region (Macrogen, Korea). 

Knock-outs of thyA and trmA were then performed sequentially in the ung knock-out strain 

using the same scarless genome engineering method (Fehér et al., 2008) as described above. 

The pST76-A::thyA KO plasmid was created as described above using the BamHI and EcoRI 

restriction sites. The thyA-710bp and thyA+804bp primers were used to firstly amplify the two 

constructs flanking the thyA gene from REL606, with the thyA-500bp BamHI and thyA_br, 

and thyA_bf and thyA+500bp EcoRI primers used to create the construct excluding thyA that 

was then digested and ligated into pST76-A (Table 2.1). This plasmid was transformed and 

integrated into the chromosome of REL606∆ung, and following pSTKST introduction and 

induction, as described above, successful REL606∆ung∆thyA colonies were selected by plating 

on LB media supplemented with streptomycin, kanamycin, trimethoprim and 500µM 

thymidine. Trimethoprim inhibits the thymidine biosynthesis pathway (Harvey, 1973), so that 

the likelihood of knock-outs of this essential gene being obtained were higher.  

The knock-out protocol was then repeated for the trmA knock-out, with the SacI and BamHI 

restriction sites used. The trmA-866bp and trmA_br, and trmA_bf and trmA+864bp primers 

were used to amplify the regions flanking the trmA gene in the REL606 genome and were 

joined together to create the knock-out construct using the trmA-500bp SacI and trmA+500bp 

BamHI primers (Table 2.1). pST76-A::trmA KO and pSTKST were introduced to 

REL606∆ung∆thyA and the knock-out procedure was repeated a final time, with 500µM 

thymidine supplementation included at all steps to allow growth of ∆thyA cells. 

REL606∆ung∆thyA∆trmA knock-outs were confirmed by Sanger sequencing (Macrogen, 

Korea). All knock-outs were also confirmed by whole genome sequencing and RT-PCR as 

described in the following section. 
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2.2.3 RT-PCR 

Total RNA was extracted from both the REL606 ancestor strain and confirmed 

REL606∆ung∆thyA∆trmA knock-outs using a Saccharomyces cerevisiae total RNA extraction 

protocol (Schmitt et al., 1990). Strains were grown in LB media containing streptomycin and 

500µM thymidine supplementation until an OD~0.6-0.8. Cells were pelleted and cleaned using 

autoclaved 15% glycerol. The cell pellet was resuspended in 1 volume of AE buffer (50mM 

sodium acetate and 10mM EDTA, pH 5.3). 0.1 volume of 10% SDS was added, and the 

samples were vortexed for 5 minutes at room temperature. One volume of phenol equilibrated 

in AE buffer was added, tubes were vortexed and placed at 65°C for 4 minutes. Samples were 

immediately transferred to -80°C until phenol crystals appeared (~2 minutes), and spun for 2 

minutes at max speed. The aqueous phase was transferred to a fresh tube containing 1 volume 

of phenol:chloroform:IAA (25:24:1) and vortexed for 5 minutes at room temperature. Samples 

were spun down once again at max speed, the aqueous phase was transferred to a new tube, 

and 0.1 volume of 3M NaAc pH5.3 was added. Tubes were inverted to mix, and a 2.5 volume 

of 100% absolute ethanol was added prior to freezing the samples at -20°C overnight. Tubes 

were spun at max speed for 30 minutes at 4°C to precipitate the RNA, and the pellet was 

subsequently washed twice in 70% absolute ethanol before being resuspended in nuclease-free 

water. Quality and the quantity of extracted RNA was confirmed by nanophotometer and gel 

electrophoresis.  

Total RNA was then diluted to 200ng/µl and was RNase-treated using the TURBO DNA-

freeTM Kit (Thermo Scientific), as per the manufacture’s specifications. A combined cDNA 

synthesis and RT-PCR was then performed using the SuperScript® III one-step RT-PCR 

system with platinum® Taq DNA polymerase (Thermo Scientific). This involved an initial 

cDNA synthesis step at 55°C for 35 minutes, followed by a 40-cycle PCR using internal 

primers for ung, thyA and trmA, as well as internal primers for gstA, a housekeeping gene 

serving as a positive control (Table 2.1). A control for the cDNA synthesis was also included 

for all samples and primer sets by omitting the cDNA synthesis step entirely prior to PCR. This 

was used to confirm the absence of contaminating DNA from our samples. 

2.2.4 Confirmation of knock-outs by whole genome sequencing 

REL606∆ung∆thyA∆trmA knock-out strains were grown from glycerol stocks in EZ rich media 

with streptomycin, 2% glucose and 100µM dT overnight at 37°C. Cultures were spun down, 

and the supernatant was removed. DNA was extracted using the Wizard® Genomic DNA 
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Purification Kit (Promega), following the manufacturer’s specifications for DNA extractions 

from gram-negative bacteria. DNA was quantified using the Implen Spectrophotometer and 

Qubit 4.0 Fluorometer, while the quality of extracted DNA was confirmed by gel 

electrophoresis. 

Libraries were prepared for sequencing using the Biooscientific NEXTflex Rapid XP DNA-

seq kit (Perkin Elmer). DNA was fragmented to ~250bp using the enzymatic fragmentation 

protocol in the kit. Libraries were size selected for a ~350bp insert size and were amplified 

using 7 PCR cycles. These libraries were QC’d using the Bioanalyzer with a DNA High 

Sensitivity chip and DNA High Sensitivity reagents (Agilent). 

Libraries were pooled to a 2nM equimolar pool and were sequenced on an Illumina HiSeq 

(Novogene), on a 2x150bp (300 cycle). Raw reads were then processed in Geneious Prime 

2021.1 (Kearse et al., 2012), trimming low-quality sequences (Q20) using the BBDuk plug-in 

(version 1.0) in Geneious Prime (Bushnell et al., 2017). All reads below 100bp in length were 

also discarded. Reads were merged using BBMerge in Geneious Prime (Bushnell et al., 2017), 

specifying a normal merge rate. Reads were then mapped to a REL606 reference genome 

(accession #NC_012967) using the Bowtie2 plug-in for Geneious Prime (Langmead & 

Salzberg, 2012) with the highest sensitivity setting, and SNP-calling was performed, specifying 

a minimum variant frequency of 0.75. To confirm that the genes had not integrated elsewhere 

in the genome, reads were also mapped to the ung, thyA and trmA sequences extracted from 

the REL606 genome. 

2.2.5 Evolution Experiments 

Evolution experiments were undertaken with the REL606∆ung∆thyA∆trmA strains to allow 

adaptation to the loss of dT over time. REL606∆ung∆thyA∆trmA was initially grown overnight 

at 37°C in EZ rich media supplemented with 0.5% glucose (EZ5,000), streptomycin, 500µM 

dU and 100µM dT. 1 mL of this culture was washed in 1x PBS. Twelve 1:50 dilutions of the 

washed culture were made into fresh EZ rich media containing 0.5% glucose, streptomycin, 

25µM dT and 500µM dU. This was transfer 1 of the evolution experiment. After the culture 

reached saturation, the 12 replicates were washed in 1XPBS, and a 1:50 dilution was made into 

fresh EZ rich media containing a lower concentration of dT, with all other supplements 

remaining consistent. This was repeated for 55 transfers (Figure 2.5), with glycerol stocks of 

each surviving strain made at each transfer by adding 50% glycerol to cultures at a final 

concentration of 15% and freezing samples at -80°C. Initially, transfers were completed once 
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every 24 hours, but as the experiment progressed, transfers were made less frequently. Between 

transfers 30-36, strains were transferred to 2% glucose to provide a more permissive growth 

environment. Occasionally, strains were cycled through LB media, as a form of permissive 

environment, and were then transferred back to EZ rich media (the restrictive environment). 

When a single strain seemed to be growing better relative to the other replicates, it was split 

off into further replicates and transferred into a large variety of conditions in an attempt to 

reach 0µM dT supplementation. A full description of the evolution experiment, and the exact 

conditions the strains were grown in, is provided in Appendix 2, with a simplified outline given 

in Figure 2.6A. Five replicates of REL606 were also grown in identical conditions to serve as 

a media control for the experiment, with a summary of the conditions for these strains provided 

in Appendix 3, and a brief outline of the experiment given in Figure 2.6B. 

 

Figure 2.5. Protocol followed for an evolution experiment with ∆ung∆thyA∆trmA strains. 12 initially-identical strains 

were transferred into 1mL of EZ5000 media in a 24-well plate, containing 25µM thymidine. Once strains had reached 

saturation, they were washed in 1x PBS and transferred to fresh EZ rich media containing a lower concentration of thymidine. 

This grow-wash-transfer process was repeated for a total of 55 transfers. 5 replicate REL606 strains were also grown alongside 

these strains in identical conditions to serve as a control for the evolution experiment, and a media control was used on each 

plate to ensure that EZ rich media was not contaminated at each transfer. 
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Figure 2.6. Brief outline of the evolution experiment performed on the ∆ung∆thyA∆trmA and REL606 control strains. 

A) 12 initially-identical replicates were transferred into 1mL of EZ5000 media in a 24-well plate, containing 25µM thymidine. 

Once strains had reached saturation, they were washed in 1x PBS and transferred to fresh media with a lower concentration of 

thymidine. This was repeated for a total of 55 transfers. At transfer 26, strain 2 was split into multiple replicates as it was 

growing the best out of all evolving strains, and eventually resulted in strains T55D 2.1, 2.2, 2.3 and 2.4. This split was repeated 

twice more during the evolution experiment with strains 2.4 and 2.5, to generate the strains termed 2.4.4 and 2.5.3. B) The 

same conditions were also used to generate 5 control strains. Note that this figure gives only a very brief outline of how these 

strains were generated, with the full summary of each strain given in appendices 2 and 3. 

2.2.6 Contamination checks 

Throughout the length of the evolution experiment, all cultures were checked for contamination 

at 5-transfer intervals. As an initial step, it was checked that strains still harboured the three 

expected knock-outs by amplifying the ung, thyA and trmA genes using KAPA2G Robust 

HotStart ReadyMix PCR Kit (KAPA Biosystems) and the following primer pairs (Table 2.1): 

1. Ung-789bp and ung+1059bp 



Chapter 2 | Creation of a Uracil-DNA Cell 

 57 

2. Ung internal F and ung internal R 

3. thyA-710bp and thyA+804bp 

4. thyA internal F and thyA internal R 

5. trmA -866bp and trmA+864bp 

6. trmA internal F and trmA internal R 

Strains were also plated on tetrazolium arabinose agar plates to confirm a phenotype consistent 

with the REL606 ancestor. E. coli REL606 are deficient in arabinose metabolism due to a 

mutation in the araA gene resulting in the non-synonymous change G92D (Lenski et al., 1991; 

Levin et al., 1977). When grown on plates containing a triphenyl tetrazolium chloride (TTC) 

indicator dye, REL606 colonies will appear dark pink, or red, due to the inability to metabolise 

arabinose (Levin et al., 1977). Strains without this mutation will be white on the same media. 

As a final contamination check, strains were tested for sensitivity to T4 and T5 phage. Both of 

these phage infect E.coli, making growth in their presence a good indicator of contamination 

by other bacteria (Demerec & Fano, 1945). Strains were grown overnight in LB media 

containing dT supplementation, and were then streaked across lines of either T4 or T5 phage. 

Plates were grown overnight at 37°C, and distinct disruption of growth where lines of phage 

were located confirmed a lack of contamination. 

2.2.7 Growth rate and max OD measurements 

Cultures of REL606∆ung∆thyA∆trmA, the evolved REL606∆ung∆thyA∆trmA strains, and both 

the wildtype and evolved REL606 strains were grown either overnight, or for the length of time 

required to reach saturation (Appendices 2 & 3) from glycerol stocks at 37°C in EZ rich media 

with streptomycin, 500µM dU, either 0.5% or 2% glucose, and the dT concentration 

corresponding to the time point in the evolution experiment (Appendices 2 & 3). 1:50 dilutions 

of these cultures were made into fresh media containing the same conditions, and the strains 

were grown for the same amount of time with shaking at 37°C in a FLUOstar OMEGA plate 

reader (BMG Labtech). OD595 measurements were taken once every six minutes during this 

time. Growth rates were determined by calculating the minimum doubling time over a 30-

minute period using the following formula: 
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Maximum optical density (OD) was calculated by taking the maximum OD595 measurement 

for each strain, and averaging it across all strains used for growth rate measurements at that 

time point. Three replicates were performed for each strain at each time period measured. 

2.2.8 CFU measurements 

The cultures from the growth rate measurements above were collected once they had reached 

saturation to measure colony-forming units (CFU). Dilutions were made from these cultures in 

1x PBS that would allow for between 10-100 colonies per 100µl of a sample, and the strains 

were plated on EZ rich agar containing 2% glucose, streptomycin, 100µM dT and 500µM dU. 

Plates were grown at 37°C overnight, and colonies were counted. Colony-forming units were 

then calculated by multiplying the number of colonies by the dilution factor. Three replicates 

were performed for each strain at each period, as was done for the growth rate measurements. 

2.2.9 Cell photography 

Cell morphology was investigated firstly by brightfield microscopy Overnight cultures of 

REL606 and ∆ung∆thyA∆trmA at both transfer 0 and transfer 55 were grown in EZ rich media 

(appendix 1) supplemented with 2% glucose, streptomycin, and 100µM dT for the transfer 0 

∆ung∆thyA∆trmA  culture, overnight at 37°C. All cultures were spun down and resuspended 

in 1 x PBS, then diluted 1000-fold in 1 x PBS. 10µl of each diluted culture was aliquoted onto 

a microscope slide, a coverslip was placed on top and strains were visualised on a Leica 

ICC50W microscope with a 100x oil objective lens. Cell length was counted from obtained 

photos using the ImageJ software. 

To visualise DNA in the same strains, we next used a modified version of a FITC/DRAQ-5 

double-staining protocol, instead using DAPI in place of DRAQ-5 (Silva et al., 2010). 

Coverslips were coated in poly-D-lysine and placed at 37°C overnight. Coverslips were then 

washed twice with water, dried and stored at 4°C until ready for use. REL606 and 

∆ung∆thyA∆trmA (at both transfer 0 and transfer 55) overnight cultures were grown in the 

same media used for the brightfield microscopy above. Cells were washed in 1 x PBS, then 

resuspended cells were placed on the poly-D-lysine coated coverslip and placed at 37°C for 1 
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hour. Cells were washed with PBS, and fixed using 4% paraformaldehyde at room temperature 

for 10 minutes. Coverslips were washed with 1 x PBS, followed by 1% triton X-100 for 5 

minutes. Following a further wash with 1 x PBS, coverslips were then incubated in 1 x PBS 

containing 6µg/mL FITC for 30 minutes at 37°C. The coverslips were washed again with 1 x 

PBS, then suspended in 1 x PBS containing 5µg/mL DAPI and placed in the dark for 10 

minutes. Coverslips were finally washed twice more in 1 x PBS, then were mounted on 

microscope slides. Strains were visualised on a Nikon Ni-E Fluorescence microscope using 

fluorescent filter cubes for DAPI and FITC, and a 100x oil objective lens. Images were 

overlayed using the Nikon nis Elements software. 

2.3. Results 

2.3.1 Scarless knock-outs of the ung, thyA and trmA genes were successfully created, 

and no expression is detected 

In order to create a strain of E. coli capable of incorporating large quantities of uracil into the 

genome, successive knock-outs of the ung, thyA and trmA genes were performed in REL606. 

This was achieved using a scarless genome engineering protocol (Fehér et al., 2008), where 

knock-out constructs of each of the three genes were cloned into the pST76-A plasmid for 

integration into the chromosome. Sequencing confirmed successful cloning of the pST76-

A::∆ung, pST76-A::∆thyA and pST76-A::∆trmA plasmids (Figures 2.7, 2.8, 2.9). The 

confirmed pST76-A::∆ung plasmid was then transformed into REL606 and integrated into the 

chromosome through growth at temperatures non-permissive to plasmid replication in the 

presence of the selective marker on the plasmid. Strains were restreaked and grown at non-

permissive temperatures a second time to confirm integration of the plasmid. pSTKST was 

then introduced into the resulting REL606 + pST76-A::∆ung strain, and induced through the 

addition of chlortetracycline to the growth media. Colonies were then restreaked and any that 

were confirmed to possess the correct size when screened via PCR and sanger sequencing were 

used for the successive knock-outs. 

This process was repeated twice more, both for the thyA and trmA knock-outs. pST76-A 

containing the appropriate knock-out construct was introduced, and was integrated into the 

chromosome. pSTKST was then transformed into the strains, and after induction, any strains 

that screened as successful knock-outs via PCR were sent for Sanger sequencing, confirming 

knock-out of firstly thyA, then finally trmA. Whole genome sequencing was also performed on 



Chapter 2 | Creation of a Uracil-DNA Cell 

 60 

the final triple knock-out strain, to confirm that the genes had not integrated elsewhere into the 

genome, and confirm the knock-outs (Figures 2.10, 2.11, 2.12). Mapping the whole genome 

sequencing data individually to the ung, thyA and trmA genes produced no results. This 

confirmed that not only had the knock-out strain had been successfully obtained, but also that 

the genes had not integrated elsewhere in the genome. This strain has been termed 

∆ung∆thyA∆trmA. 

To reaffirm the loss of these genes, RT-PCR was performed with primers internal for the ung, 

thyA and trmA genes. No amplification should be observed if the knock-outs were successful. 

If unsuccessful, bands of 493bp, 244bp and 887bp should be observed for ung, thyA and trmA 

respectively. No amplification was observed for the ∆ung∆thyA∆trmA strain for any of the 

three primer sets, while expression was confirmed for each of these genes in the REL606 

control (Figure 2.13A, B, C). RT-PCR with primers internal for the gstA housekeeping gene 

confirmed that the RNA extraction and cDNA synthesis steps had been successful for the 

knock-out strains  (Figure 2.13D). This confirms successful removal of ung, thyA and trmA 

from the ∆ung∆thyA∆trmA strain.  
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Figure 2.7. Sequencing of pST76-A::∆ung reveals successful cloning of the knock-out construct into the plasmid 

required for scarless genome engineering. A) a summary of the pST76-A::∆ung sequence shows the regions that have been 

sequenced using the T2 (F) and T1 (R) primers. The regions shown in B, C and D are highlighted, representing the regions 

where the knock-out construct have been introduced into the plasmid (B and D), and the knock-out region we generated using 

the ung_bf and ung_br primers (C). B) Sequencing upstream of the pST76-A multiple cloning site using the T2 primer show 

the correct sequence ~500bp upstream of ung has been inserted at the correct location. C) sequencing across the site where 

ung has been excluded using the T2 and T1 primers shows that the correct knock-out construct required for genome engineering 

has been generated. D) Sanger sequencing using the reverse T1 primer shows that the region ~500bp downstream of the ung 

knock-out construct has also been correctly inserted into the pST76-A multiple cloning site.  



Chapter 2 | Creation of a Uracil-DNA Cell 

 62 

 

 
Figure 2.8. Sequencing across the multiple cloning site of pST76-A::∆thyA shows successful cloning of the knock-out 

construct. A) a summary of the pST76-A::∆thyA sequence shows the regions that have been sequenced using the T2 (F) and 

T1 (R) primers. The regions shown in B, C and D are highlighted, representing the regions where the knock-out construct have 

been introduced into the plasmid (B and D), and the knock-out region we generated using the thyA_bf and thyA_br primers 

(C). B) sequencing upstream of the pST76-A multiple cloning site using the T2 primer show the correct sequence ~500bp 

upstream of thyA has been inserted. C) sequencing across the region excluded for the knock-out construct with the T2 and T1 

primers shows that the correct knock-out construct has been introduced. D) Sequencing using the T1 primer shows the ~500bp 

downstream of the thyA knock-out construct has been correctly cloned.  
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Figure 2.9. Sanger sequencing of pST76-A::∆trmA reveals the required knock-out construct has been cloned into 

pST76-A. A) a summary of the pST76-A::∆trmA sequence shows the regions that have been sequenced using the T2 (F) and 

T1 (R) primers. The regions shown in B, C and D are highlighted, representing the regions where the knock-out construct have 

been introduced into the plasmid (B and D), and the knock-out region we generated using the trmA_bf and trmA_br primers 

(C). B) sequencing upstream of the pST76-A multiple cloning site using the T2 primer show the correct sequence ~500bp 

upstream of trmA has been inserted at the correct location. C) sequencing across the site of the knock-out using the T2 and T1 

primers shows the correct knock-out construct required for scarless genome engineering. D) Sequencing using the reverse T1 

primer shows that the region ~500bp downstream of the trmA knock-out construct has also been correct inserted into the 

pST76-A multiple cloning site.  
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Figure 2.10. Whole genome sequencing of triple knock-out strains reveals that ung has been entirely knocked out and 

has not integrated elsewhere in the genome. DNA was extracted from triple knock-out strains, and was sequenced using a 

2x75bp Illumina HiSeq. Reads were merged and trimmed to remove low-quality reads, and were mapped to the REL606 

genome (NC_012967.1) using the Bowtie2 plugin in Geneious Prime 2021.1 a) reads mapped to the original REL606 genome 

sequence show that reads no longer map to the ung region. Likewise, if reads are mapped to the extracted ung sequence alone, 

no contigs are produced (results not shown), revealing complete knock-out. b) reads mapped across a modified REL606 

genome sequence with the ung gene removed map successfully. The red, jagged line indicates the region of ung that was 

knocked out. Mean coverage of the 50bp upstream and downstream of the knocked out region (100bp total) was 52 ± 2.5, with 

100% coverage of the reference sequence.  

a 

b 
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Figure 2.11. Whole genome sequencing of triple knock-out strains reveals successful thyA knock-out. DNA was extracted 

from triple knock-out strains, and was sequenced using a 2x75bp Illumina HiSeq. Reads were merged and trimmed to remove 

low-quality reads, and were mapped to the REL606 genome (NC_012967.1) using the Bowtie2 plugin in Geneious Prime 

2021. a) reads mapped to the original REL606 genome sequence show that reads no longer map to the thyA region, and if 

reads are mapped to the extracted thyA sequence alone, no contigs are produced (results not shown), revealing complete knock-

out. b) reads mapped across a modified REL606 genome sequence with the thyA gene removed map successfully, showing 

that the scarless knock-out worked as expected. The red, jagged line indicates the region of thyA that was knocked out. Mean 

coverage of the 50bp upstream and downstream of the knocked out region (100bp total) was 51.8 ± 3.5, with 100% coverage 

of the reference sequence. 

a 

b 
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Figure 2.12. Whole genome sequencing of triple knock-out strains reveals successful trmA knock-out. DNA was 

extracted from triple knock-out strains, and was sequenced using a 2x75bp Illumina HiSeq. Reads were merged and trimmed 

to remove low-quality reads, and were mapped to the REL606 genome (NC_012967.1) using the Bowtie2 plugin in Geneious 

Prime 2021.1.1 a) reads mapped to the original REL606 genome sequence show that reads no longer map to the trmA region, 

and if reads are mapped to the extracted trmA sequence alone, no contigs are produced (results not shown). b) reads mapped 

across a modified REL606 genome sequence with the trmA gene removed map successfully, showing that the scarless knock-

out worked as expected. The red, jagged line indicates the region of trmA that was knocked out. Mean coverage of the 50bp 

upstream and downstream of the knocked out region (100bp total) was 62 ± 2, with 100% coverage of the reference sequence.   

a 

b 
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Figure 2.13. RT-PCR confirms no expression of ung, thyA or trmA in triple knock-out strains. Total RNA was extracted 

from mid-late log phase cultures of REL606 E. coli (WT) or triple knock-out (∆∆∆) strains, and was DNase-treated prior to 

cDNA synthesis and RT-PCR. RT-PCR samples were run on a 1% agarose gel alongside the Generuler 1KB plus ladder (Life 

Technologies). Positive wells indicate a reaction subjected to a cDNA synthesis step, while the negative wells did not undergo 

a cDNA synthesis step (refer to methods). A) RT-PCR performed using internal ung primers reveals transcript production in 

REL606 but not the triple knock-out strain. B) Primers internal for thymidylate synthase (thyA) reveal no expression of this in 

triple knock-out strains, with expression seen in REL606 control strain. c) trmA internal primers reveal that the third knock-

out was also a success, with no expression of this gene in triple knock-out strains. d) Internal primers for gstA, a housekeeping 

gene, were used as a control for RT-PCR.  For each image, the order of lanes is as follows: Lane 1: ladder; lane 2: REL606 

with reverse transcriptase; lane 3: REL606 without a reverse transcription step (control); lane 4: ladder; lane 5: ∆∆∆ triple 

knock-out strain with reverse transcriptase step; lane 6: ∆∆∆ triple knock-out without reverse transcription (control). 
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2.3.2 Triple U-DNA knock-outs require thymidine supplementation for growth 

When knocking out the genes required for thymidine biosynthesis, it would be expected that 

the resulting strains would be reliant on thymidine supplied in the media. Triple knock-out 

strains were thus grown in a range of supplemented media, with growth monitored using a plate 

reader. 

Growth was observed on strains that were grown in media containing thymidine (dT), while 

no growth was observed when either no thymidine supplementation was given, or if 

deoxyuridine (dU) supplementation was used in place of thymidine (Figure 2.14). 

 

Figure 2.14. Triple knock-out strains do not grow without dT supplementation. Triple knock-out strains were grown in 

EZ5000 rich media with either dT, dU or no supplementation for 72 hours at 37°C in a FLUOStar OMEGA plate reader, with 

OD595 measured once per six minutes. Triple knock-outs grown in 1% dT showed a significantly different growth rate to the 

REL606 control strain (t-test, p=<0.0001), although they did eventually reach saturation. Triple knock-outs grown in either no 

supplements or with dU supplementation in place of dT do not grow.  

 

2.3.3 Triple knock-out strains can be evolved to no longer require dT supplementation  

To accumulate genomic uracil in the triple knock-out strains, an evolution experiment was 

performed where 12 initially-identical strains were transferred to fresh media containing a 

0 12 24 36 48 60 72
0.0

0.1

0.2

0.3

0.4

0.5

Hours

O
D
59
5

REL606 (control)

Triple knock-out (1% dT)
Triple knock-out (no dT)

Triple knock-out (1% dU)



Chapter 2 | Creation of a Uracil-DNA Cell 

 69 

lower concentration of thymidine supplementation for a total of 55 transfers (Figure 2.6A). 

Five wildtype REL606 strains were also subjected to identical conditions to serve as a control 

(Figure 2.6B). While transfers were initially performed daily, as the experiment progressed 

with lower concentrations of thymidine supplied in the media, more time was required for the 

strains to reach saturation. A full summary of the conditions used for the strains are given in 

Appendix 2, and the exact concentrations used are provided in (Figure 2.15). After 38 transfers, 

strains were able to be grown without any exogenous thymidine supplementation, although the 

growth rate and maximum optical density of these strains decreased significantly over time 

compared to the wildtype control strain (Figure 2.15A&B), (p-value for growth rate = <0.0001, 

for OD = <0.0001, Mann-Whitney U). In order to see whether the decrease in optical density 

correlated to the number of cells present in the culture, CFU counts were performed once these 

cultures had reached saturation. Consistent with OD results, this revealed a statistically 

significant decrease in the number of colony forming units in the cultures over time compared 

to the wildtype control strain (Figure 2.15C)(p-value = <0.001, Mann-Whitney U). 
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Figure 2.15. Doubling time of ∆ung∆thyA∆trmA strains increased, while CFU counts of the same strains decreased 

throughout the period of a 55-transfer evolution experiment in decreasing concentrations of dT. In order to monitor 

growth, three replicates of triple knock-out and REL606 control strains were grown in a FLUOStar OMEGA plate reader after 

every fifth transfer. This included 12 strains for the first 25 transfers, while growth was only monitored for derivatives of 

strains 2 and 3 for transfer 30 onwards. After each plate reader run, strains were plated on solid EZ20000 at a concentration 

that would result in between 10-100 colonies and CFU/mL counts were performed. The concentration of dT used at each point 

of the evolution experiment is graphed on the right Y-axis for A, B and C. A) Doubling time of triple knock-out strains 

increased as the concentration of dT was decreased, while remaining consistent in REL606 control strains. The difference in 

doubling time between control and experimental strains was statistically significant (p=<0.0001, Mann Whitney U). B) The 

maximum optical density (OD595) reached by REL606 strains remained consistently ~1.0, while the maximum OD decreased 

for all triple knock-out strains and was statistically different from the control (p=<0.0001, Mann-Whitney U). C) CFU 

counts/mL reveal that the triple knock-out strains also saw a decrease in the CFU/mL throughout the length of the experiment 

(p=<0.0001, Mann-Whitney U). D) Concentration of dT (log10) used during the evolution experiment shows the gradual 

decrease of thymidine during the period of the evolution experiment until no dT supplementation was reached around transfer 

35. 
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2.3.4 ∆ung∆thyA∆trmA cells are elongated 

We next investigated whether our ∆ung∆thyA∆trmA knock-out strains had any morphological 

changes following the evolution experiment. REL606, ∆ung∆thyA∆trmA ancestor and evolved 

strains were grown overnight in EZ20,000 rich media containing either 100µM dT 

supplementation for the ancestral strain, or no dT for REL606 and the evolved strain. Strains 

were diluted in 1x PBS and aliquoted onto a microscope slide for visualisation. This revealed 

a slightly elongated phenotype in the ancestral ∆ung∆thyA∆trmA strain (Figure 2.16B), with 

the evolved strains having an average length of 17.21 ± 15.54 µm (±SD) (Figure 2.16C) 

compared to REL606 at 1.33 ± 0.25 µM (±SD) (Figure 2.16A), and the ∆ung∆thyA∆trmA 

ancestor at 2.94 ± 1.89 µm (±SD). Overall, the ∆ung∆thyA∆trmA ancestral strains were 

significantly larger than the REL606 wildtype strain (P-value = <0.0001, Mann Whitney U, 

Figure 0.32A), and the evolved ∆ung∆thyA∆trmA strains were significantly longer than both 

the REL606 (p-value = <0.0001, Mann Whitney U, Figure 2.16B) and its ancestor (p-

value=<0.0001, Mann Whitney U). 

If this elongated phenotype was due to the strains being able to undergo DNA replication, but 

not complete cell division then we might expect to see multiple copies of DNA throughout the 

length of the cell. To visualise this, we stained the same REL606 and the ancestral and evolved 

∆ung∆thyA∆trmA cultures that were used for the brightfield microscopy with FITC and DAPI, 

and visualised the cells on an Nikon Ni-E fluorescent microscope. Elongated cells showed 

multiple bright regions of DAPI across the elongated cells, indicating that DNA replication 

was successfully being undertaken, despite the elongation phenotype (Figure 2.17). 
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Figure 2.16. ∆ung∆thyA∆trmA strains are elongated compared to the REL606 ancestor strains. Morphological changes 

in our knock-out strains were investigated using a Leica ICC50W brightfield microscope using a 100x objective oil lens. This 

revealed that ∆ung∆thyA∆trmA knock-out strains were slightly elongated compared to REL606, while the evolved 

∆ung∆thyA∆trmA strains were reaching lengths of up to 70µm. A) REL606; B) ∆ung∆thyA∆trmA ancestor; C) 

∆ung∆thyA∆trmA evolved (T55). Scale bar indicates 20µM. 
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Figure 2.17. ∆ung∆thyA∆trmA strains are significantly longer than the REL606 ancestor. REL606, ∆ung∆thyA∆trmA 

and the evolved ∆ung∆thyA∆trmA (T55) were visually inspected under a Leica ICC50W brightfield microscope, and photos 

were analysed using ImageJ to measure the length of 100 cells for each strain. The frequency of  cells at each size was plotted, 

revealing very little overlap in the size of REL606 and the size of either ∆ung∆thyA∆trmA T0 or ∆ung∆thyA∆trmA T55. A) 

The ∆ung∆thyA∆trmA ancestral knock-out strain had an average cell size of 2.937 ± 1.890 µm (±SD), compared to 1.332 ± 

0.251 µm (±SD) for REL606. ∆ung∆thyA∆trmA was statistically larger than REL606 (P-value =<0.0001, Mann-Whitney U). 

B) The evolved ∆ung∆thyA∆trmA strains were considerably longer than REL606 with an average length of 7.21 ± 15.54 µm  

(±SD), with statistical tests revealing they were significantly larger than both REL606 (P-value = <0.0001, Mann Whitney U) 

and the ∆ung∆thyA∆trmA ancestor (P-value = <0.0001, Mann Whitney U). 
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Figure 2.18. Evolved ∆ung∆thyA∆trmA show that multiple nucleoids are present, despite cells showing delayed 

division.  Cultures were grown overnight in no dT supplementation for REL606 and the evolved  ∆ung∆thyA∆trmA T55 

strains, while the ancestral ∆ung∆thyA∆trmA strain was grown in 100µM dT. Cells were washed with 1 x PBS, fixed to poly-

D-lysine coverslips with 4% formaldehyde, then stained with FITC and DAPI as specified in the methods. Fixed and stained 

cells were visualised using a Nikon Ni-E fluorescent microscope using filters for DAPI and FITC. A) REL606; B) 

∆ung∆thyA∆trmA T0 ancestor; C) ∆ung∆thyA∆trmA T55. 
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2.4.  Discussion 

While it is widely argued that an RNA World existed prior to the modern DNA world that we 

know today (Gilbert, 1986; Poole et al., 2000), the driver for the transition between the two has 

remained less clear (Poole et al., 2001). The way that the DNA building blocks are synthesised 

in modern DNA give some indication as to how this transition might have occurred: through 

an intermediate stage where DNA contained U in place of T. The thymidylate biosynthesis 

pathway then evolved subsequent to this, late in evolution, allowing the transition to modern 

DNA containing T. The fact that this evolution occurred late implies that we should be able to 

generate a modern cell with uracil in its genome in place of T. We aimed to answer whether 

this was possible by generating a strain of Escherichia coli with a genome entirely composed 

of U instead of T. 

In this chapter a strain of E. coli lacking key genes in thymidylate biosynthesis has been 

generated that is capable of growing without any exogenously supplied thymidine. This has 

been created through three successive gene knock-outs, followed by a 55-transfer evolution 

experiment performed in media containing decreasing concentrations of thymidine. This was 

intended to create a strain with large amounts of U present in the genome, which would serve 

as a model for a U-DNA genome that might have existed in a U-DNA world (Poole et al., 

2001). Successful knock-outs of the key genes were confirmed using both Sanger sequencing 

over the knocked out regions, as well as whole genome sequencing. In addition to this, RT-

PCR confirmed that no transcripts of the three knocked out genes were being produced in this 

strain. This strain has suffered considerable growth impediments relative to wildtype control 

strains, and has an elongate cell morphology. 

This chapter has demonstrated that it is possible to generate a strain of E. coli incapable of 

thymidylate biosynthesis that grows without any dT supplementation. This is consistent with 

the previous work by Marlière et al. 2011, where strains devoid in thymidylate biosynthesis 

were able to be evolved to grow without thymidine supplementation. In Marlière’s case, 

however, genomic replacement of T with chlorouracil was instead attempted, so is quite 

different to our ultimate goal of uracil replacement. The method followed in this chapter has 

successfully bypassed the issue of thymineless death, showing that it is not a definite response 

to the loss of thymidylate biosynthesis in all instances. This experiment also displays that 

thymidylate biosynthesis itself is not an essential process for the survival of bacteria, despite 

its essential classification. The strains we have produced, however, have severe growth 
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impediments relative to ancestral strains, although this may improve with continued evolution 

in the absence of dT.  

These cells are also elongated relative to the ancestral strains. Elongation in bacterial cells is a 

known stress response and can indicate an inability of cells to replicate and divide (Gangan 

and Athale, 2017). This is a characteristic that is also common to thymineless death, where 

prevention of replication and cell division can aid in staving off cell death (Fonville et al., 

2010). Our strains have been exclusively grown in the absence of dT for 20 transfers, indicating 

that these strains are successfully replicating and dividing, even if these processes are 

somewhat impaired in our strains. 

While we have managed to generate this strain, we do not yet know whether replacement with 

uracil has been achieved. Further chapters in this thesis will investigate these generated strains, 

firstly by examining the genomic changes that occurred throughout the evolution experiment 

(Chapter 3). This will help in understanding exactly how these strains are responding to the 

loss of thymidylate biosynthesis. We will then go onto investigate the levels of replacement of 

genomic T with U in this strain using Oxford Nanopore sequencing (Chapter 4).
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Chapter 3. Genome analysis of ΔungΔthyAΔtrmA strains 

3.1. Introduction 

  

The evolution of DNA is proposed to have occurred through two transitions: the first transition 

from RNA to an intermediate containing uracil, while the second transfer was to modern DNA 

containing T. In order to investigate this transition previously discussed in Chapter 2, We have 

evolved a strain of E. coli in the absence of the key gene in thymidylate synthesis (thymidylate 

synthase), a key uracil repair enzyme (uracil-DNA glycosylase), and finally, a 

methyltransferase that methylates uracil at position U54 of tRNA. The latter potentially serves 

as an alternative source of thymine through recycling of tRNAs (Marlière et al., 2011a). This 

strain has evolved in decreasing concentrations of thymidine (dT), and no longer requires 

exogenous supplementation of dT in the media for growth (see Chapter 2). This should have 

provided conditions under which uracil is able to accumulate in the genome of the bacteria. If 

high levels of replacement are achieved, these strains can then serve as a model to test the 

transition between RNA and modern DNA. 

This chapter aims to investigate how these strains have responded at the genomic level. We 

would expect to see mutations that compensate for the loss of T in these strains, potentially in 

genes responsible for DNA replication and transcription. A number of past experiments have 

attempted to replace thymine in the genome with either uracil or other related modified bases, 

as previously discussed in Chapter 2 (el-Hajj et al., 1992; Marlière et al., 2011a; Mehta et al., 

2016a). While Marlière et al. (2011) performed 454-Titanium and Solexa sequencing of their 

strains, and found up to 1,514 substitutions in one of their strains, the paper did not explore 

these mutations in detail and elaborate on what effect these mutations might be having in 

context of their experiment. As previously mentioned in Chapter 2, Marlièere et al. (2011) also 

attempted replacement of genomic T with chlorouracil, not uracil as we have in this 

experiment, so the mutations observed in this thesis will likely be different to those observed 

by Marlière. This makes closely studying the genomes of the evolved U-DNA strains appealing 

for understanding how these strains might be compensating for the loss of the key gene in the 
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thymidylate biosynthesis pathway, and the subsequent evolution of these strains to no longer 

rely on exogenously supplied thymidine. 

   

In order to investigate mutations in these strains, we have performed whole genome sequencing 

of the strains using both Illumina HiSeq and Oxford Nanopore technologies. This data have 

revealed large numbers of mutations in these knock-out strains after 55 transfers, with very few 

occurring in wildtype control strains evolved in the same conditions. While we have not 

observed a significant number of parallel mutations across the strains, large numbers of non-

synonymous mutations have occurred in proteins involved in DNA replication, repair and 

transcription. Based on the evolved REL606 control line still retaining thymidylate 

biosynthesis, very few of these mutations can be attributed to media adaption, with only four 

total mutations across the five control strains over 55 transfers. While the number of parallel 

mutations were not statistically significant when compared to what would be expected under a 

random distribution of mutations using a G score metric (Tenaillon et al., 2016), we did observe 

non-synonymous mutations and truncations in the deoR gene in all but one of our strains, a 

repressor involved in regulating the expression of the deoxyribose aldolase pathway 

(deoCABD) (Hammer and Dandanell, 1989; Mortensen et al., 1989). We have also observed 

the loss of a region between 20,000-100,000bp in length in the seven sequenced strains, with 

no large-scale rearrangements of the genome observed. The location of many of these 

mutations indicate that the mutations might play a role in the response to the loss of thymidylate 

biosynthesis in these strains. 
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3.2. Methods 

3.2.1 Strains and media – growth 

Escherichia coli strain B REL606 (Genotype: F-, tsx-467(Am), araA230, lon-, rpsL227(strR), 

hsdR-, [mal+](LamS)) and REL606 ΔungΔthyAΔtrmA were used for all experiments in this 

chapter. REL606 is the founding strain of Richard Lenski’s long term evolution experiment 

and kindly gifted by Tim Cooper (University of Massey, Auckland). REL606 

ΔungΔthyAΔtrmA was generated via a scarless genome engineering protocol described in 

Chapter 2, then evolved in decreasing concentrations of supplemented thymidine for 55 

transfers until the seven resulting strains no longer relied on exogenous thymidine (see 

Appendix 2 for a full summary of the evolution experiment used to produce these strains). Five 

REL606 control strains were produced by culturing the REL606 ancestor strain in identical 

conditions to the ΔungΔthyAΔtrmA knock-out. All strains were grown at 37°C. 

Media used for these experiments was a modified EZ rich media (Neidhardt et al., 1974), 

supplemented with 20g/L glucose (EZ20000). Streptomycin was also used at a final working 

concentration of 100μg/ml. A detailed description of the composition of the EZ rich media 

used in this chapter is provided in Appendix 1. 

3.2.2 DNA extractions 

REL606 control strains and ΔungΔthyAΔtrmA Day 0, transfer T26D.2, and T38D 2.4  were 

streaked to single colonies on LB agar with streptomycin and were grown at 37°C for 16 hours. 

The ΔungΔthyAΔtrmA T0, T26D.2 and T38D 2.4 cultures were also supplemented with 1mM 

thymidine. A single colony was used to inoculate EZ rich media supplemented with 

streptomycin, 2% glucose and 1mM thymidine, and was grown at 37°C overnight. DNA was 

extracted from this overnight culture using the Wizard® Genomic DNA Purification Kit 

(Promega), following the manufacturer’s specifications. DNA was quantified using the Implen 

Spectrophotometer and the Qubit 4.0 Fluorometer. 

Transfer 55 ΔungΔthyAΔtrmA strains were grown from glycerol stocks in EZ20,000 media with 

streptomycin for 7 days at 37°C. A 1:50 dilution of this overnight culture was made into 500mL 

of fresh EZ rich media and was grown for a further 7 days at 37°C. 500mL of this culture was 

spun down and supernatant was removed. DNA was extracted using the Genomic DNA Buffer 

Set and Genomic-tip 20/G (Qiagen), following the manufacturer’s specifications for DNA 
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extractions from gram-negative bacteria. To ensure all potential contaminating RNA was 

removed, extracted DNA was treated with RNase A (Promega) for 60 minutes at 37°C, and 

cleaned up by adding one volume of phenol:chloroform:isoamyl alcohol (25:24:1) (Sigma). 

Samples were vortexed for 30 seconds, then spun down at maximum speed for 5 minutes. The 

aqueous phase was transferred to a new tube, and 1µl of 20 µg/µl glycogen (ThermoFisher), 

0.5 volume of 7.5 M ammonium acetate and 2.5 volume of 100% absolute ethanol were added 

to the sample. DNA was precipitated by placing the tube at -80°C for 1 hour and tubes were 

centrifuged at max speed for 30 minutes (4°C). The pellet was washed twice in 200µl 70% 

absolute ethanol and resuspended in nuclease free water. DNA was quantified using the Implen 

Spectrophotometer and Qubit 4.0 Fluorometer. 

3.2.3 Illumina Sequencing 

Sequencing libraries were constructed using the BiooScientific NEXTflex Rapid XP DNA-seq 

kit (Perkin Elmer). DNA was fragmented to ~250bp by enzymatic fragmentation, size selected 

for a 250bp insert size and amplified using 2-4 PCR cycles depending on the concentration of 

the input DNA. Library size was confirmed using DNA High Sensitivity reagents on the 

Bioanalyzer (Agilent). Any libraries with an average size above 400bp were size-selected prior 

to sequencing using the Blue Pippin and a 2% agarose cassette, specifying to select for all 

fragments between 100 and 500bp (Sage Science), to give an average library size of 300bp 

when checked again by Bioanalyzer. 

Libraries were pooled to a 2nM equimolar pool and were sequenced on an Illumina HiSeq 

(Novogene), on a 2x 150bp PE (300 cycle) run. 

3.2.4 Sequence analysis 

Raw reads were processed in Geneious Prime 2021.1 (Kearse et al., 2012), trimming low-

quality sequences (Q20) using the BBDuk plug-in. All reads below 100bp in length were also 

discarded. Reads were merged using BBMerge (Bushnell et al., 2017), specifying a normal 

merge rate. T0 and REL606 control strain trimmed reads were then mapped to a REL606 

reference genome (NC_012967) using the Bowtie2 (Langmead and Salzberg, 2012)  plug-in 

for Geneious Prime  with the highest sensitivity setting. T26D.2, and T55E 3.2.1 were mapped 

to the consensus sequence created from the T0 mapping. T55.2.1, 2.2, 2.3 2.4 and 2.5.3 were 

mapped to the T26.2 consensus, while T55D 2.4.4 was mapped to the T38D 2.4 consensus to 

eliminate false assessment of any potential parallel mutations. This was due to the multiple 
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timepoints where the evolution experiment was split off into multiple new replicates (Appendix 

2). Variant calling was lastly performed using the Find Variants/SNPs tool in Geneious, 

specifying a minimum variant frequency of 0.75.  

3.2.5 Comparison of whole genomes 

Large scale deletions in the genome were investigated by aligning extracted whole genome 

consensus sequences from the Geneious assemblies and inputting these into BLAST Ring 

Image Generator (BRIG) (Alikhan et al., 2011), specifying BLAST similarity thresholds of 

100%,  99% and 95%. 

3.2.6 Assessment of parallel mutations 

To investigate whether the rate of parallel mutations in the evolution experiment were higher 

than what would be expected if the mutations were occurring randomly, G score values were 

calculated for the experiment (Tenaillon et al., 2016). In short, this was done by firstly 

calculating the expected number of mutations with the following equation: 

Ei = Ntot (Li/Ltot) 

 

Where Ei is the expected number of mutations, Ntot is the total number of non-synonymous 

mutations observed in the experiment (263) (excluding any that were excluded from T55D 

2.4.4 and T55D 2.5.3 as being present in the transfer 38D 2.4 and T29D 2.5 ancestors, 

respectively). Li is the length of each protein coding gene, while Ltot is the summed total length 

of all single-copy protein coding genes in REL606 (3,920,306). The G score (Gi)was then 

calculated for each protein coding gene with the following equation: 

Gi = 2 Niloge (Ni/Ei), 

Where Ni  is the number of observations of a non-synonymous mutation in that gene. The G 

score for each gene was then summed to give a total score for the whole experiment. 

A control G score where mutations instead occurred randomly across the genome was also 

generated. Mutation-Simulator 2.0.3 (Kühl et al., 2020) was run 1,000 times to simulate 1,000 

coding genomes with the Ntot number of mutations. These mutations were then used to generate 

G scores, and the total summed G score was averaged across the 1,000 genomes. 
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3.2.7 Sanger sequencing of polymerase genes 

To investigate any mutations in polymerase genes more broadly across the evolution 

experiment strains, Sanger sequencing was performed across all key DNA polymerase genes 

in E. coli REL606 using the primers listed in Table 3.1. Polymerase genes were amplified from 

T32A strains 3, 6, 7, 8, 9 and 12 using Phusion high-fidelity polymerase (NEB) (see appendix 

2 for the origin of these strains), and were sequenced using Sanger sequencing (Macrogen 

Korea). Reads were mapped to the gene sequence for each polymerase extracted from the 

REL606 (NC_012967) sequence using Geneious Prime 2021.1. 

Table 3.1. Primers used to amplify and sequence E. coli polymerase genes for Sanger sequencing 

POLYMERASE     (OR 
SUBUNIT) 

GENE PRIMER 
NAME 

SEQUENCE (5ʹ to 3ʹ) 

DNA polymerase I polA polA F 5ʹ‒CATCCTGTCTGTGGCATCCT‒3ʹ 
  polA R 5ʹ‒CGAAAAAAGGCATGTTCAGGC‒3ʹ 
DNA polymerase II polB polB F 5ʹ‒TCAAGCCTGGTTTTTTGATGGA‒3ʹ 
  polB R 5ʹ‒ATGGCAAAGCATTCGTCACG‒3ʹ 
DNA polymerase III α dnaE dnaE F 5ʹ‒GCGTCCTGATTCTTGTGTCGA‒3ʹ 
  dnaE F 876bp 5ʹ‒GTCAAGCGTGCAAAAGAGGG‒3ʹ 
  dnaE F 1984bp 5ʹ‒CTATCCGGACGTACAGTGGC‒3ʹ 
  dnaE R 5ʹ‒CTTCCAGCTCTGCAATCGG‒3ʹ 
DNA polymerase III ε dnaQ dnaQ F 5ʹ‒TTGCCCAGACACGAACCATC‒3ʹ 
  dnaQ R 5ʹ‒TTTGCTGCAAAAATCGCCCA‒3ʹ 
DNA polymerase III θ holE holE F 5ʹ‒AACTTTTGCCCGCGAATGAT‒3ʹ 
  hole R 5ʹ‒GCAAATTATGGGTGCGGTTT‒3ʹ 
DNA polymerase III γ + τ dnaX dnaX F 5ʹ‒CCACCTTCCAGCGTTTCAGA‒3ʹ 
  dnaX R 5ʹ‒TTACCCAGACCGCCTTTACC‒3ʹ 
DNA polymerase III δ holA holA F 5ʹ‒TGCACGCGTCTCCACCAC‒3ʹ 
  holA R 5ʹ‒TGCCGCCAAACAGAGCCT‒3ʹ 
DNA polymerase III δ′ holB holB F 5ʹ‒ACTGGGTGAAGGAGTTGGAC‒3ʹ 
  holB R 5ʹ‒TCGAGATGGCAGTGTGAGTC‒3ʹ 
DNA polymerase III χ holC holC F 5ʹ‒AGCGGCTGTTCGATATCTTGT‒3ʹ 
  holC R 5ʹ‒ACACACAGCACTGAACTCGT‒3ʹ 
DNA polymerase III ψ holD holD F 5ʹ‒TGCTATATTTGCGCCCCTGA‒3ʹ 
  holD R 5ʹ‒GCGCGTTGTTCAATGTGGTA‒3ʹ 
DNA polymerase III β dnaN dnaN F 5ʹ‒CGGAAATCGCGGATCAACAA‒3ʹ 
  dnaN R 5ʹ‒CTAACCACAGTCTGCCGGAG‒3ʹ 
DNA polymerase IV dinB dinB F 5ʹ‒GCATGGGGATAAAGTGGTGC‒3ʹ 
  dinB R 5ʹ‒TCGATGCATGCAGTGATCCC‒3ʹ 
DNA polymerase V umuCD umuCD F 5ʹ‒TTGATCTGCTGGCAAGAACA‒3ʹ 
  umuCD R 5ʹ‒GAGCGCTTTTTTCCTGCCG‒3ʹ 

 

3.2.8 Assessment of non-synonymous mutations 

The impact of non-synonymous substitutions in protein-coding genes were assessed using 

PROVEAN. The mutated sequences were input into the PROVEAN webserver (Choi and 

Chan, 2015), and any scores below -2.5 were classified as deleterious.                                                                                 
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3.2.9 Structural modelling of polymerase mutations 

The mutated dnaN and dnaE protein sequences were used to create a homology model using 

SWISS- MODEL (Biasini et al. 2014), and the structure of E. coli DNA polymerase III (5FKV) 

(Fernandez-Leiro et al., 2015). This model contains the substitutions seen in the T55 strains, 

T26M in dnaN and V72A in dnaE, as well as additional mutations seen in dnaN in the T32A 

strains from 1.2.9. These models were visualised using PyMOL version 2.0.7 (DeLano, 2002). 

In order to investigate whether the mutations seen in the T55 strains are commonly occurring 

mutations the DnaE and DnaN protein sequences were aligned to all other reviewed bacterial 

DnaE or DnaN sequences contained in the UniProt database (Bateman et al., 2015). These 

sequences were aligned in Geneious Prime 2021.1 using the MUSCLE plug-in (Edgar, 2004), 

and the sequence logos for the alignment were visualised. 
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3.3.  Results 

3.3.1 Large numbers of mutations in response to the loss of thymidylate biosynthesis 

The transition from RNA to modern DNA containing T appears to have occurred through two 

transitions: the first a transition from RNA to DNA containing U, with the second transition 

then permitting the change to T. However, as previously explained, this transition only makes 

sense in the presence of uracil-repair enzymes, as the presence of T alone does not solve the 

issue of cytosine deamination. In order to investigate this transition, we set out to create a strain 

of E. coli that harbours a U-DNA genome. This was attempted through the knock-out of three 

key genes in the thymidylate synthesis pathway to create a mutant deficient in producing dTTP, 

followed by an evolution experiment where dT supplementation was reduced over time so that 

the strain was able to slowly adapt to the loss of thymidine (see Chapter 2). After ~35 transfers 

in decreasing dT, strains were able to be grown without supplemented dT. We then maintained 

this for ~20 further transfers. This chapter summarises the results of sequencing of these strains, 

allowing us to follow how exactly these strains have adapted to the loss of thymidylate 

biosynthesis. This experiment ultimately resulted in seven lines that were able to be grown in 

no supplemented dT, along with five control wildtype strains that were grown in identical 

conditions. The names for each of these strains is given in Table 3.2. 

Table 3.2. Key strains from ΔungΔthyAΔtrmA evolution experiment. Each addition of either a letter or roman numeral to a 

strain corresponds to a point where the evolution experiment was split into different conditions. A full figure explaining how 

each strain was generated, as well as each of these exact conditions can be found in Appendix 2.  

SHORTENED NAME FULL NAME  
T0 REL606ΔungΔthyAΔtrmA ancestor 
T26D.2 REL606ΔungΔthyAΔtrmA transfer 26, strain 2 
T29D 2.5 REL606ΔungΔthyAΔtrmA transfer 29D(iii)a, strain 2.5 
T38D 2.4 REL606ΔungΔthyAΔtrmA transfer 38D(ii)b(iia)a(i)b(ii)b(ii), strain 2.4 
T55D 2.1 REL606ΔungΔthyAΔtrmA transfer 55D(ii)b(ii)a(i)b(i)a(ii), strain 2.1 
T55D 2.2  REL606ΔungΔthyAΔtrmA transfer 55D(ii)a(i)a(i)b(i)a(i), strain 2.2 
T55D 2.3 REL606ΔungΔthyAΔtrmA transfer 55D(ii)a(ii)a(i)b(i)b(i), strain 2.3 
T55D 2.4 REL606ΔungΔthyAΔtrmA transfer 55D(ii)b(ii)a(i)b(i)b(ii), strain 2.4 
T55D 2.4.4 REL606ΔungΔthyAΔtrmA transfer 55D(ii)b(ii)a(i)b(ii)b(ii), strain 2.4.4  
T55D 2.5.3 REL606ΔungΔthyAΔtrmA transfer 55D(iii)aa(i)a(i)b(ii)a(ii) 
T55E 3.2.1 REL606ΔungΔthyAΔtrmA transfer 55E(i)a(i), strain 3.2.1 
C55.1 REL606 control transfer 55, strain 1 
C55.2 REL606 control transfer 55, strain 2 
C55.3 REL606 control transfer 55, strain 3 
C55.4 REL606 control transfer 55, strain 4 
C55.5 REL606 control transfer 55, strain 5 
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Due to the structure of the evolution experiment (Appendix 2, Figure 2.6), the ancestor of the 

line 2 strains was sequenced at transfer 26, the ancestor of T55D 2.5.3 at transfer 29, and the 

ancestor of strain 2.4.4 was sequenced at transfer 38 to exclude mutations present in the 

ancestor at those time points being called as parallel mutations in the final T55 strains. These 

strains were all sequenced in addition to the ancestor of the entire evolution experiment at 

transfer 0 on a single HiSeq lane, yielding 131.2 GB of data over 873,811,836 million reads. 

This was an average of 51,400,696.24 reads ± 37,198,558.41 (SD) per sample, with each read 

averaging 150 bp in length. This data was of high quality, with 92.1 % of reads being of at least 

Q30. These reads yielded an average sequencing depth of 494.53 ± 373.77 per genome.  

These reads were subsequently mapped using the Bowtie2 plugin in Geneious Prime 2021.1, 

giving an average depth of 445.8 ± 413.15 for the triple knock-out U-DNA strains, and 582.26 

± 312.5 for the control strains. Variant calling revealed a total of 449 mutations for the 

ΔungΔthyAΔtrmA strains, compared to 4 across the five control strains. A summary of these 

mutations is given in Table 3.3, with Figure 3.1. giving an outline of where these mutations 

have occurred across their mapped reference genomes. 

In order to account for potential media adaptation in our experiments, five REL606 wildtype 

controls were evolved in identical conditions to the experimental triple knock-out strains. This 

allows us to conclude whether particular mutations can be attributed to the exact context of the 

knock-outs that we have produced, or whether the strains are accumulating mutations in 

response to the EZ rich media that they have been evolved in. The REL606 control strains only 

accumulated 4 mutations across the entire experiment: 2 mutations in cysS (a cysteine—tRNA 

ligase), one in cysK (cysteine synthase A) and one mutation in hns (a protein involved in 

transcription repression). No mutations in any of these genes were observed in the 

ΔungΔthyAΔtrmA experimental lines, although there were some other mutations in genes 

related to cysteine biosynthesis. It could be possible that some of these mutations are related to 

those seen in the REL606 control, and have occurred as the result of media adaptation.
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Figure 3.1. Large numbers of mutations observed in ΔungΔthyAΔtrmA knock-out strains mapped across reference genomes. ΔungΔthyAΔtrmA triple knock-outs were evolved for 55 

transfers in decreasing concentrations of thymidine, with whole genome sequencing of the final strains then undertaken at the end of the experiment. A number of mutations have been observed 

across these strains. The black line at the top represents the reference sequence that each dataset was mapped to, while the red lines represent the mutations in that position of the mapped assembly. 

A) The ΔungΔthyAΔtrmA ancestor at time point zero had already accumulated five mutations across the genome compared to the REL606 ancestor, excluding the knock-outs that were removed 

from the reference sequence prior to mapping. B) T26.2 (the ancestor of all the T55.2 strains), and T55E 3.2.1 accumulated further mutations compared to the T0 reference that they were mapped 

to. Note the occurrence of large deletions from both strains at around position 2,000,000. C) Finally, All lines that were derived from strain 2 accumulated further mutations by transfer 55, with 

the reference sequence being shorter than those seen in A and B due to the large genomic deletion seen in the T26.2 ancestor of these strains. While most mutations were single nucleotide 

polymorphisms, some small indels were seen and are indicated by jagged lines on the genome map.
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Table 3.3. Summary of mutations seen in ΔungΔthyAΔtrmA and control REL606 strains at transfer 55. 

STRAIN MAPPED TO COVERAGE (±SD) VARIANTS  
T0 REL606 233.1± 42.4 5 
T26D.2 T0 145.2 ± 42.2 14 
T55.2.1 T26D.2 1066.9 ±180.1 139 
T55.2.2 T26D.2 432.6 ± 77.8 39 
T55.2.3 T26D.2 1119.4 ±125.6 38 
T55.2.4 T26D.2 65.3 ±15.2 80 
T55.2.4.4 T26D.2 and T38D 2.4 214.4 ± 46.8 51 
T55.2.5.3 T26D.2 and T29D 2.5 667.4 ±97.9 73 
T55E.3.2.1 T0 67.9 ±16.1 10 
C55.1 REL606 710.3 ± 137.3 2 
C55.2 REL606 791.6 ± 172.6 1 
C55.3 REL606 66.1 ± 14.4 1 
C55.4 REL606 826.8 ± 183.3 0 
C55.5 REL606 516.5 ± 177.5 0 

 

In the context of this experiment, it could be possible that certain types of mutations are more 

likely to occur. For example, due to the knock-out of uracil-DNA glycosylase we might expect 

to see more mutations as a result of cytosine deamination remaining uncorrected. In these cases, 

we might see large numbers of C/G to T/A transitions in the sequencing data relative to other 

types of mutations. It could also be possible that in response to increasing uracil content in the 

genome that we instead see a higher representation of T/A to G/C transitions so that fewer 

instances of U occur in the genome due to the lower pool of T available. In order to investigate 

this, we have evaluated the types of mutations that have occurred across these strains and 

summarised these in Figure 3.2 below. These reveal that C/G to A/T mutations occurred 81 

times, or 23% of the time. By comparison, A/T to G/C mutations occurred 256, or 73% of the 

time. This indicates that DNA content is moving more towards a higher G/C content. 
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Figure 3.2. Skew towards G/C seen across all synonymous, non-synonymous and non-coding single nucleotide polymorphisms 

in evolved ΔungΔthyAΔtrmA strains. 

3.3.2 Whole genome sequencing reveals large deletions in T55 strains 

 

Analysis of whole genome sequencing data also revealed large-scale deletions in the strains 

that were capable of growing without thymidine supplementation in the absence of thymidylate 

biosynthesis (Figure 3.3). By transfer 26, the ancestor of all T55D.2 strains had lost a 108kb 

segment of the genome between positions 2,035,093 and 2,143,065 of the genome. This 

included genes that play a role in pyrimidine biosynthesis: uridine kinase (udk) and a deaminase 

responsible for deaminating dCTP to dUTP - dCTP deaminase (dcd). galF, a 

uridylyltransferase involved in nucleotide metabolism, and thiD, a kinase involved in thiamine 

biosynthesis were also lost. For strain T26.2, these deletions occurred between two IS1 family 

transposase genes (Figure 3.4A). 

Genes involved in dTDP-L-rhamnose biosynthesis (rfbC, rfbA, rfbD and rfbB) are also inside 

the 100kb deletion. As this operon is responsible for the production of dTDP-L-rhamnose from 

dTTP and α-D-glucopyranose 1-phosphate (Zucotti et al., 2001), it is possible that the key 

source of dTTP has been lost through knock-out of thymidylate synthesis and its loss would 

have had a negligible impact. In addition, genes coding for proteins involved in phage 

assembly, colanic acid biosynthesis, toxin-antitoxin systems and multidrug efflux were part of 

the large deletion.  
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Strain 3.2.1 also lost a ~20kb segment of the genome in a similar region, but this did not include 

udk and dcd. Instead strain 3.2.1 lost a smaller subset of genes related to colonic acid 

biosynthesis, and dTDP-L-rhamnose biosynthesis. For T55E 3.2.1, the deletion occurred 

between two copies of the colanic acid biosynthesis phosphomannomutase (cpsG) gene (Figure 

3.4B). The full list of genes included in these large-scale deletions, as well as the protein 

products, are outlined in Table 3.4. 
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Figure 3.3. BRIG comparison of ancestral REL606 (NC_012967), ΔungΔthyAΔtrmA and evolved ΔungΔthyAΔtrmA strains reveals large deletions in all evolved strains. By transfer 26, line 2 had 

lost a ~108kb section of the genome between to IS1A family transposase genes, and this is represented in all strains derived from line 2 at T55. T55E 3.2.1 had a smaller ~20kb deletion between 

two copies of cpsG. Small sections of similarity within the deletion regions correspond to repetitive elements that are contained within this region on the REL606 reference sequence that are 

matching other regions within the genome of the evolved strains (prophage and transposase sequences).
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Table 3.4. Genes included in 100kb deletion observed in evolved T26D 2 and T55E 3.2.1 strains 

GENE  PRODUCT LOCUS ID LOSS SEEN IN 
cpsG colanic acid biosynthesis phosphomannomutase CpsG ECB_RS10250 Line 3 
 mannose-1-phosphate guanylyltransferase/mannose-6-phosphate isomerase ECB_RS10255 Line 3 
wbbD UDP-Gal:alpha-D-GlcNAc-diphosphoundecaprenol beta-1,3-galactosyltransferase ECB_RS10265 All of line 2, line 3  

glycosyltransferase family 4 protein ECB_RS10270 All of line 2, line 3 
wzy O7 family O-antigen polymerase ECB_RS10275 All of line 2, line 3  

sugar polymerase ECB_RS10280 All of line 2, line 3  
glycosyl transferase ECB_RS10285 All of line 2, line 3 

vioB dTDP-4-amino-4,6-dideoxy-D-glucose acetyltransferase VioB ECB_RS10290 All of line 2, line 3 
vioA dTDP-4-amino-4,6-dideoxy-D-glucose aminotransferase VioA ECB_RS10295 All of line 2, line 3 
wzx O7 family O-antigen flippase ECB_RS10300 All of line 2, line 3 
rfbC dTDP-4-dehydrorhamnose 3,5-epimerase ECB_RS10305 All of line 2, line 3 
rfbA glucose-1-phosphate thymidylyltransferase RfbA ECB_RS10310 All of line 2, line 3 
rfbD dTDP-4-dehydrorhamnose reductase ECB_RS10315 All of line 2, line 3 
rfbB dTDP-glucose 4,6-dehydratase ECB_RS10320 All of line 2, line 3 
galF UTP--glucose-1-phosphate uridylyltransferase GalF ECB_RS10325 All of line 2, line 3 
wcaM colanic acid biosynthesis protein WcaM ECB_RS10330 All of line 2, line 3 
wcaL colanic acid biosynthesis glycosyltransferase WcaL ECB_RS10335 All of line 2, line 3 
wcaK colanic acid biosynthesis pyruvyl transferase WcaK ECB_RS10340 All of line 2, line 3 
wzxC colanic acid undecaprenyl disphosphate flippase WzxC ECB_RS10345 All of line 2, line 3 
wcaJ undecaprenyl-phosphate glucose phosphotransferase ECB_RS10350 All of line 2, line 3 
cpsG colanic acid biosynthesis phosphomannomutase CpsG ECB_RS10355 All of line 2 
cpsB mannose-1-phosphate guanyltransferase ECB_RS10360 All of line 2 
wcaI colanic acid biosynthesis fucosyltransferase WcaI ECB_RS10365 All of line 2 
gmm GDP-mannose mannosyl hydrolase ECB_RS10370 All of line 2 
fcl GDP-L-fucose synthase ECB_RS10375 All of line 2 
gmd GDP-mannose 4,6-dehydratase ECB_RS10380 All of line 2 
wcaF colanic acid biosynthesis acetyltransferase WcaF ECB_RS10385 All of line 2 
wcaE colanic acid biosynthesis glycosyltransferase WcaE ECB_RS10390 All of line 2 
wcaD putative colanic acid polymerase WcaD ECB_RS10395 All of line 2 
wcaC colanic acid biosynthesis glycosyltransferase WcaC ECB_RS10400 All of line 2 
wcaB colanic acid biosynthesis acetyltransferase WcaB ECB_RS10405 All of line 2 
wcaA colanic acid biosynthesis glycosyltransferase WcaA ECB_RS10410 All of line 2 
wzc tyrosine-protein kinase Wzc ECB_RS10415 All of line 2 
wzb low molecular weight protein-tyrosine-phosphatase Wzb ECB_RS10420 All of line 2 
wza polysaccharide export protein Wza ECB_RS10425 All of line 2  

TerC family protein ECB_RS10430 All of line 2 
asmA outer membrane assembly protein AsmA ECB_RS10435 All of line 2 
dcd dCTP deaminase ECB_RS10440 All of line 2 
udk uridine kinase ECB_RS10445 All of line 2  

diguanylate cyclase ECB_RS10450 All of line 2 
alkA DNA-3-methyladenine glycosylase 2 ECB_RS10455 All of line 2 
yegD molecular chaperone ECB_RS10460 All of line 2 
yegI protein kinase YegI ECB_RS10465 All of line 2  

protein phosphatase 2C domain-containing protein ECB_RS10470 All of line 2  
VWA domain-containing protein ECB_RS10475 All of line 2 

ibsA type I toxin-antitoxin system toxin IbsA ECB_RS23795 All of line 2  
type I toxin-antitoxin system Ibs family toxin ECB_RS25475 All of line 2  
type I toxin-antitoxin system Ibs family toxin ECB_RS25480 All of line 2  
type I toxin-antitoxin system Ibs family toxin ECB_RS25485 All of line 2 

mdtA multidrug efflux RND transporter subunit MdtA ECB_RS10480 All of line 2 
mdtB multidrug efflux RND transporter permease subunit MdtB ECB_RS10485 All of line 2 
mdtC multidrug efflux RND transporter permease subunit MdtC ECB_RS10490 All of line 2  

MFS transporter ECB_RS10495 All of line 2 
baeS two-component system sensor histidine kinase BaeS ECB_RS10500 All of line 2 
baeR two-component system response regulator BaeR ECB_RS10505 All of line 2  

YegP family protein ECB_RS10510 All of line 2  
tRNA 5-hydroxyuridine modification protein YegQ ECB_RS10515 All of line 2 
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ogrK prophage transcriptional regulator OgrK ECB_RS23805 All of line 2  
phage major tail tube protein ECB_RS25740 All of line 2  
phage tail sheath protein ECB_RS10535 All of line 2  
hypothetical protein ECB_RS23815 All of line 2  
hypothetical protein ECB_RS23820 All of line 2  
glycosyltransferase family 2 protein ECB_RS10540 All of line 2  
phage tail protein ECB_RS10545 All of line 2  
phage tail protein I ECB_RS10550 All of line 2  
baseplate assembly protein ECB_RS10555 All of line 2  
GPW/gp25 family protein ECB_RS10560 All of line 2  
phage baseplate assembly protein V ECB_RS10565 All of line 2  
hypothetical protein ECB_RS10570 All of line 2  
phage virion morphogenesis protein ECB_RS25495 All of line 2  
phage portal protein ECB_RS10580 All of line 2  
hypothetical protein ECB_RS10585 All of line 2  
hypothetical protein ECB_RS10590 All of line 2  
protein SERAC1 ECB_RS10595 All of line 2  
replication endonuclease ECB_RS10600 All of line 2  
DUF5405 family protein ECB_RS10605 All of line 2  
TraR/DksA C4-type zinc finger protein ECB_RS10610 All of line 2  
DUF5405 family protein ECB_RS10615 All of line 2  
DUF2732 family protein ECB_RS10620 All of line 2  
hypothetical protein ECB_RS10625 All of line 2  
hypothetical protein ECB_RS25745 All of line 2  
regulatory phage cox family protein ECB_RS10630 All of line 2  
helix-turn-helix domain-containing protein ECB_RS10635 All of line 2  
site-specific integrase ECB_RS10640 All of line 2  
hypothetical protein ECB_RS10650 All of line 2 

yegS lipid kinase YegS ECB_RS10655 All of line 2  
DeoR/GlpR transcriptional regulator ECB_RS10660 All of line 2 

gatD galactitol-1-phosphate 5-dehydrogenase ECB_RS10665 All of line 2  
galactitol permease IIC component ECB_RS10670 All of line 2 

gatB PTS galactitol transporter subunit IIB ECB_RS10675 All of line 2 
gatA PTS galactitol transporter subunit IIA ECB_RS10680 All of line 2  

class II D-tagatose-bisphosphate aldolase, non-catalytic subunit ECB_RS23825 All of line 2  
IS1 family transposase ECB_RS10685 All of line 2 

gatZ tagatose-bisphosphate aldolase subunit GatZ ECB_RS10690 All of line 2 
gatY tagatose-bisphosphate aldolase subunit GatY ECB_RS10695 All of line 2 
fbaB class I fructose-bisphosphate aldolase ECB_RS10700 All of line 2  

MFS transporter ECB_RS10705 All of line 2  
ADP-ribosylglycohydrolase family protein ECB_RS10710 All of line 2  
sugar kinase ECB_RS10715 All of line 2  
GntR family transcriptional regulator ECB_RS10720 All of line 2  
glycoside hydrolase family 25 protein ECB_RS10725 All of line 2 

thiD bifunctional hydroxymethylpyrimidine kinase/phosphomethylpyrimidine kinase ECB_RS10730 All of line 2 
thiM hydroxyethylthiazole kinase ECB_RS10735 All of line 2  

hypothetical protein ECB_RS10740 All of line 2  
hypothetical protein ECB_RS10745 All of line 2  
helix-turn-helix domain-containing protein ECB_RS10750 All of line 2  
hypothetical protein ECB_RS25750 All of line 2  
hypothetical protein ECB_RS10755 All of line 2  
helix-turn-helix domain-containing protein ECB_RS25505 All of line 2 
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Figure 3.4. Whole genome sequencing data reveals large-scale deletions in T55 strains. Junctions of the deletions in each assembly are shown, revealing the regions where the large deletion 

occurred. For more information about individual genes contained in the deletions, see Table 8. A) Assembly of the ΔungΔthyAΔtrmA T26.2 NGS sequencing data to the T0 reference sequence 

reveal that a ~108,000bp region has been lost from the genome, between two transposase genes. B) T55E 3.2.1 also lost a 20,000bp region of the genome that included some of the genes also 

lost in T26.2, however, this deletion centred around the two copies of the cpsG gene. Large, multi-gene deletions have previously been observed in evolution experiments by both Lenski (Jeong 

et al., 2009), and those performed in our own lab (Catchpole, 2015), but the largest of these was ~41,000bp and these are often centre around mobile elements (Jeong et al., 2009).
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3.3.3 Many non-synonymous mutations occurred in protein-coding genes 

During the length of the evolution experiment, 449 mutations were observed in the 

ΔungΔthyAΔtrmA T55 strains, compared to the only 4 mutations observed across the five 

control strains. In order to investigate how these strains have responded to the loss of 

thymidylate biosynthesis, and evolution to no longer require dT supplementation, we have 

investigated the types of mutations that have occurred in the strains. This revealed large 

numbers of non-synonymous mutations in protein-coding genes, with fewer synonymous, 

SNPs in non-coding regions and indels occurring. A full summary of the non-synonymous and 

synonymous mutations are given in Table 3.5. 

Table 3.5. Summary of types of mutations in evolved ΔungΔthyAΔtrmA and wildtype control strains. 

STRAIN NON-
SYNONYMOUS 
CHANGES 

SYNONYMOUS 
CHANGES 

NON-CODING 
SNPs 

INDELS 

T0 2 1 1 1 
T26D.2 8 2 2 3 
T55.2.1 84 28 17 10 
T55.2.2 21 8 8 2 
T55.2.3 20 7 7 4 
T55.2.4 50 22 7 1 

T55.2.4.4 29 10 8 4 
T55.2.5.3 45 14 9 5 

T55E.3.2.1 6 2 2 1 
C55.1 1 0 0 1 
C55.2 1 0 0 0 
C55.3 1 0 0 0 
C55.4 0 0 0 0 
C55.5 0 0 0 0 

 

To then look at the functional impact that these non-synonymous mutations might have had, 

we ran the mutated protein sequences through PROVEAN (Choi and Chan, 2015), with any 

score below -2.5 being classified as deleterious. The average PROVEAN score for the 

mutations in the experimental strains was -3.28 ± 2.81, revealing that overall the non-

synonymous mutations we observed have been classified as deleterious. As the control strains 

only had four mutations over the five strains, these have not been averaged. In addition to this, 

one of the control strains had a large deletion of TGGCGGTACGCT in cysteine synthase A 

(cysK) that possessed the lowest PROVEAN score seen over the whole experiment (-32.059) 

which would likely distort the average calculated for the control strains. Truncation mutations 

tend to give the most deleterious scores due to the large effect that these can have on the protein 

sequence (Choi and Chan, 2015). The scores for each strain are summarised in Figure 3.5. 
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Figure 3.5. PROVEAN predicts large numbers of deleterious mutations in evolved ΔungΔthyAΔtrmA strains. The 

mutated protein sequences from coding genes with non-synonymous changes were submitted to the PROVEAN webserver 

(Choi and Chan, 2015) to gain an idea of the impact of the mutations that have been observed in our evolved triple knock-out 

strains, with any mutation with a score lower than -2.5  (indicated by the black dotted line) classified as a deleterious mutation. 

The dark line displays the mean for each strain, ±SD. The mean for all evolved ΔungΔthyAΔtrmA strains is below -2.5, 

indicating that on average our mutations are deleterious. Two out of three control strains are also below this line, but a total of 

only four mutations were seen in these strains, making it difficult to conclude an overall trend for the control strains. Two of 

the control strains did not have any mutations (C55.4 and C55.5), and are therefore not shown on this graph. 

To investigate whether the ΔungΔthyAΔtrmA lines were adapting to the loss of thymidylate 

biosynthesis through common changes (parallel mutations), or if the parallel mutations we saw 

could have occurred by chance alone, a G score statistic was calculated and compared to a 

control dataset where the same number of mutations had been simulated to occur randomly 

across the entire genome. The G score for each protein-coding gene across the genome was 

summed to give an overall score, and for the 1,000 simulated genomes this value was averaged 

across the replicates. This did not demonstrate significant parallel evolution occurring in the 

ΔungΔthyAΔtrmA compared to the simulated genomes, with the experimental lines having a 

total summed score of 1466.5, while the 1,000 simulated genomes had an average score of 

1453.58 ± 32.63. A summary of the top scoring genes is given in Table 3.6. 
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Table 3.6. Non-synonymous changes in genes yielding the largest G Scores across ΔungΔthyAΔtrmA T55 strains. 

GENE LOCUS TAG PRODUCT CODING 
LENGTH 

NUMBER OF 
MUTATIONS 

EXPECTED       
G SCORE 

OBSERVED 
G SCORE 

deoR ECB_RS04300 DNA-binding transcriptional 
repressor DeoR 

759 5 0.051 45.869 

cysZ ECB_RS12200 sulfate transporter CysZ 762 3 0.051 24.433 

mltA ECB_RS14070 murein transglycosylase A 1098 3 0.074 22.241 

rpoD ECB_RS15530 RNA polymerase sigma factor 
RpoD 

1842 3 0.124 19.137 

ptsN ECB_RS16215 PTS IIA-like nitrogen regulatory 
protein PtsN 

492 2 0.033 16.417 

deoC ECB_RS22695 deoxyribose-phosphate aldolase 780 2 0.052 14.574 

pheS ECB_RS08885 phenylalanine--tRNA ligase 
subunit alpha 

984 2 0.066 13.644 

ompF ECB_RS04930 porin OmpF 1089 2 0.073 13.239 

yphH ECB_RS12860 ROK family protein 1194 2 0.080 12.870 

nupC ECB_RS12115 nucleoside permease NupC 1203 2 0.081 12.840 

xylA ECB_RS18095 ECB_RS18095 1323 2 0.089 12.460 

purB ECB_RS05985 adenylosuccinate lyase 1371 2 0.092 12.318 

panF ECB_RS16470 sodium/pantothenate symporter 1441 2 0.097 12.118 

nuoM ECB_RS11595 NADH-quinone oxidoreductase 
subunit M 

1530 2 0.103 11.879 

ynbC ECB_RS07250 bifunctional alpha/beta 
hydrolase/class I SAM-dependent 
methyltransferase 

1758 2 0.118 11.323 

tuf ECB_RS16880 elongation factor Tu 58 1 0.004 11.098 

ydhV ECB_RS08670 aldehyde ferredoxin 
oxidoreductase 

2103 2 0.141 10.606 

fusA ECB_RS16885 elongation factor G 2115 2 0.142 10.583 

nrdA ECB_RS11385 ribonucleoside-diphosphate 
reductase subunit alpha 

2286 2 0.153 10.272 

adhE ECB_RS06450 bifunctional acetaldehyde-
CoA/alcohol dehydrogenase 

2676 2 0.180 9.642 
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3.3.4 Parallel mutations observed in the deoR gene 

Despite the summed G score values not indicating significant parallel evolution occurring 

across the ΔungΔthyAΔtrmA strains overall, we did observe five mutations in the deoR gene in 

the T55 strains. DeoR is a transcriptional repressor responsible for controlling expression of 

the deo operon, an operon usually responsible for the degradation of deoxyribonucleotides for 

use in glycolysis and the Krebs cycle (Lomax and Greenberg, 1968). The DeoR repressor 

controls transcription from two promoters in the deo operon when deoxyribose-5-phosphate is 

present (Hammer and Dandanell, 1989; Mortensen et al., 1989). The mutations to deoR were 

present in every single line derived from line 2 after the split at T26D.2, and include several 

truncation mutations, as well as one scenario where a non-synonymous mutation occurred 

resulting in a change from a phenylalanine residue to a serine at position 152 (F152S). All 

mutations in the deoR gene are shown below in  Table 3.7. The presence of so many different 

mutations in a single gene in the context of this evolution experiment indicates that this gene 

is likely important in responding to the loss of thymidylate biosynthesis in the context of our 

experiment. 

Table 3.7. Mutations to deoR and their effects (* note that 2.4.4 was excluded from the G score analyses as the mutation was 

present in the T38D 2.4 ancestor, and therefore did not occur as the result of parallel mutation).  

STRAIN PROTEIN CHANGE RESULT OF MUTATION 
T55D 2.1 G159* Truncation 
T55D 2.2 W106* Truncation 
T55D 2.3 F152S Substitution 
T55D 2.4 W106* Truncation 
T55D 2.4.4* W106* Truncation 
T55D 2.5.3 Frameshift at position 196 Truncation at position 223 

 

3.3.5 Mutations observed in genes coding for DNA transcription, replication, and repair 

The key premise of this project has involved knocking out key genes involved in DNA 

synthesis, and replacing the entire use of T in the genome with U by evolving these strains in 

decreasing concentration of thymidine over time. As a result of this, we would expect to see 

mutations occurring in proteins responsible for key components of DNA transcription, 

replication and repair. Whole genome sequencing of the evolved ΔungΔthyAΔtrmA strains has 

revealed a number of mutations in genes that play a key role in DNA replication, as well as 

transcription and repair, as expected. This includes genes coding for subunits of the key DNA 

polymerase III in Escherichia coli such as dnaN and dnaE which will be discussed further in 

3.3.6. The DNA-dependent RNA polymerase (rpoA - G40A in strain T55D 2.2) and  the rpoD 
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transcription factor associated with DNA binding (Wösten, 1998) also had three parallel 

mutations (R554C was seen in T55D 2.1 and 2.4, while T55D 2.2 had a R554H mutation). We 

also observed non-synonymous mutations in gyrA, or DNA gyrase with the T718I mutation 

occurring in strain T55D 2.3, and the uvrD DNA helicase responsible for unwinding DNA 

duplexes (Maluf et al., 2003) had a I113T mutation in strain T55D 2.5.3. A link to the full 

summary of all the non-synonymous mutations that occurred in this evolution experiment can 

be found in Appendix 14. 

3.3.6 Polymerase mutations were seen across many lines in the evolution experiment 

The phenomenon of thymineless death is known to primarily impact lines deficient in 

thymidylate biosynthesis during replication (Bouvier and Sicard, 1975; Martín et al., 2014). 

Under the conditions of our experiment, thymineless death would have been expected if we 

had not gradually adapted our strains in decreasing concentrations of dT. Because of this, we 

became interested in understanding how the DNA polymerase genes involved in replication 

were being impacted, as these would have played a key role in DNA binding and replication. 

All DNA polymerase genes were sequenced at transfer 32, prior to the point where the final 

lines had reached zero supplementation, and may give an indication of additional mutations to 

polymerase genes that could be playing a role in adapting to the loss of thymidylate 

biosynthesis. The polymerase genes were amplified and sent for Sanger sequencing (Macrogen 

Korea), revealing mutations in DNA polymerase genes in a number of these strains, including 

three non-synonymous mutations in the dnaN β clamp resulting in the changes: G157S, Y153C 

and E140K (Figure 3.6). A non-synonymous mutation was also seen in the dnaQ gene in strain 

T32A.9 that resulted in a change from a glutamine residue to histidine at position 203 in the 

protein sequence (Figure 3.7).
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Figure 3.6. Non-synonymous mutations observed in the DNA polymerase III β clamp gene (dnaN) at transfer 32 of the evolution experiment. Sanger sequencing was performed of all E. 

coli DNA polymerase genes, and were mapped to the reference E. coli genes using SnapGene version 5.3.2. Three additional mutations were observed in the β clamp gene (dnaN). The alignment 

is displayed with the position in the protein sequence displayed above the “dnaN CDS” annotation for each sequence. A) The ancestral REL606 protein sequence is listed along the top of the 

alignment, with the DNA sequence for REL606 listed above each of the individual alignments. B) a T to C mutation resulted in a Y153C change to the protein sequence in line T32A.3. C) A 

E140K change was seen in strain T32A.7, and was the result of a C to T mutation. D) Finally, a non-synonymous C to T mutation resulted in a G157S change in the protein sequence of T32A.9. 
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Figure 3.7. A non-synonymous mutation was also seen in dnaQ gene (coding for the ε subunit of DNA polymerase III) at transfer 32 of the evolution experiment. Polymerase genes from 

the T32A strains were Sanger sequenced and mapped to the reference E. coli genes using SnapGene version 5.3.2, revealing a mutation to dnaQ . The alignment is displayed with the position in 

the protein sequence displayed above the “dnaQ CDS” annotation. The REL606 sequence is shown at the top of the alignment (surrounded by the red box), while the T32A.7 sequence that the 

mutation was observed in is listed below. This non-synonymous G to T change resulted in a Q203H change in the protein sequence.
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3.3.7 Alignments and structural modelling of polymerases mutations  

 

Following the evolution of ΔungΔthyAΔtrmA strains for 55 transfers so that they were no longer 

reliant on exogenously supplied thymidine in the media, we observed mutations in two key 

DNA polymerase III subunits: the main α polymerase subunit had a change from a valine 

residue to an alanine residue at position 72 (dnaE), and a further mutation in the β clamp subunit 

resulting in change from a tyrosine residue to methionine at position 26 (dnaN). As this 

evolution experiment has the potential to fundamentally change the DNA of our strains through 

incorporation of U in place of T, mutations in polymerase genes could provide an interesting 

avenue for further investigation as these may interact with DNA. To look into this further, we 

firstly aligned all of the available reviewed DnaE, DnaN and DnaQ protein structures from the 

UniProt database in Geneious Prime using the MUSCLE plug-in.  

There were 144 sequences available for the DNA polymerase III α subunit, with none of these 

showing an alanine at position 72 in the alignment (Figure 3.8A). Of the 65 sequences aligned 

for the β subunit, one possessed a methionine residue at position 26 - Borrelia burgdorferi, the 

bacteria responsible for causing Lyme disease (Figure 3.8B). The mutation we saw at position 

E140 revealed a change to lysine in a number of Mycoplasma species as well as in Helicobacter 

pylori (Figure 3.8C). Our Y153C change was not seen in any other species, while a serine at 

position 157 (G157S) was only seen in Mycoplasma pulmonis, and no other Mycoplasma 

species (Figure 3.8D). The ε subunit (Q203H) only had 15 available reviewed bacterial 

sequences, with glutamine the most conserved residue at this position (Figure 3.8E). A histidine 

was only seen one other time, in Treponema pallidum. The fact that these changes are not 

common to other bacterial species indicates that these changes might be unique to our specific 

experimental set-up. 
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Figure 3.8. Alignment of DNA polymerase III α, β and ε protein sequences reveal that mutations in T32 and T55 strains 

are not commonly seen in other bacterial phyla. All available reviewed protein sequences for DnaE (DNA polymerase III 

subunit α), DnaN (subunit β) and DnaQ (subunit ε) were downloaded from the UniProt database, and were aligned using the 

MUSCLE plug-in in Geneious Prime 2021.2. Black arrows are used to indicate the locations of these mutations. A) 144 

bacterial DnaE sequences were used to generate the DnaE sequence logo, with no sequences possessing an Alanine (A) residue 

at position 72. B) 65 bacterial DNA polymerase III β subunit protein sequences (coded by dnaN) were also downloaded from 

UniProt and aligned, revealing that the T26M change is also not commonly occurring, with only one of the 65 species aligned 

having a methionine residue at position 26. C) Position E140 of the β subunit showed lysine (K) to occur reasonably frequently, 
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but only in Mycoplasma and Helicobacter pylori. D) Cysteine at position 153 was never seen across all 65 bacterial sequences 

that were aligned, while serine was seen once at position 157 in Mycoplasma pulmonis. E) The 15 available reviewed 

sequences were also aligned for the ε subunit, revealing histidine at position 203 in Treponema pallidum and no other species. 

This indicates that the changes we have seen are not frequent across bacteria, especially in the case of the V72A mutation in 

DnaE and the Y153C mutation seen in DnaN, were was not observed in any of the bacterial phyla we aligned. These mutations 

could be playing a role in how DNA is being bound in the evolved ΔungΔthyAΔtrmA strains.  

To further look at these mutations, and the mutations that we saw at transfer 32, we created a 

homology model using SWISS model, and the 5FKW DNA polymerase structure bound to 

DNA (Fernandez-Leiro et al., 2015). We also highlighted key residues known to play an 

important role in each subunit so that we could observe the proximity of our mutations to these 

residues. For V72A, we also highlighted the following residues that are known to form a cavity 

for DNA to pass through (Lamers et al., 2006): 

1. ARG-10 

2. HIS-12 

3. ASP-69 

4. HIS-83 

5. ARG-135 

6. GLN-169 

7. ARG-175 

8. ASP-201 

9. ARG-203 

For the β subunit mutations we also highlighted ARG-24 and GLN-149, two residues known 

to interact with DNA in the polymerase (Georgescu et al., 2008; Pandey et al., 2016). 

These models show the V72A mutation in the α subunit has occurred in the PHP (polymerase 

and histidinol phosphate phosphatase domain) (Parasuram et al., 2018) (Figure 3.9), a region 

that is still poorly understood, but is known to have proofreading exonuclease activity in some 

species (Barros et al., 2013; Lamers et al., 2006). Closer investigation of this mutation reveals 

that it has occurred in close proximity of the cavity formed by the 9 previously-mentioned 
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residues (Figure 3.10). The T26M mutation in the β subunit appears to be occurring close to 

where DNA is bound in the complex (Figure 3.9), and is close to the R24 residue known to 

interact with DNA (Figure 3.11A, B), while the E140K, Y153C and C157S mutations were 

seen to be positioned further out (Figure 3.9), but still in close proximity of the bound DNA 

and to Q149 (Figure 3.11C-H). Finally, the Q203H mutation seen in the ε subunit of the 

polymerase occurred in a linker between the two domains bound to the α and β subunits (Figure 

3.9, Figure 3.12).  
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Figure 3.9. Non-synonymous mutations have been observed in the DNA polymerase III genes in evolved T55 

ΔungΔthyAΔtrmA strains. The α, β and ε DNA polymerase III holoenzyme subunits are shown in this figure, with DNA 

bound through the middle. The two shades of blue at the top of the figure correspond to the two β clamp subunits coded by the 

dnaN gene, gray is the α polymerase III subunit (dnaE). Green corresponds to the ε subunit encoded by dnaQ and is responsible 

for the 3'→5' exonuclease activity of the holoenzyme. We have observed mutations in the α, β and ε subunits of DNA 

polymerase III in the T32 and T55 ΔungΔthyAΔtrmA strains, with mutated residues seen in the T55 strains displayed as red 

spheres and those in T32 strains shown as blue spheres. This includes a V72A mutation in the α subunit of line T55D 2.1, 

shown to the middle-right of the structure as red spheres. We also saw the T26M change in the β subunit of T55E 3.2.1, with 
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this mutation represented by red spheres in both subunits. E140K, Y153C and G157S mutations were also seen in lines T32A.7, 

3 and 9, respectively, and are indicated by blue spheres in the β subunit. The T26M mutation appears to be in close proximity 

of DNA binding, while the other three mutations are positioned slightly further away from the bound DNA template. This 

dimeric protein encapsulates the DNA strand, and prevents the polymerase from dissociating from DNA (Stukenberg et al., 

1991), so this mutation might play an important role in how DNA is being bound. Finally, we also saw the Q203H mutation 

in the ε subunit in line T32A.7 (blue spheres). This mutation was in the linker that connects the two domains to the α and β 

subunits. This image was generated using PyMOL (DeLano, 2002), using the homology models created from SWISS Model 

(Kiefer et al., 2009) and the 5FKW DNA polymerase III structure (Fernandez-Leiro et al., 2015). 

 

 

Figure 3.10. The V72A mutation seen in the α polymerase subunit in ΔungΔthyAΔtrmA T55D 2.1 occurred in close 

proximity to residues known to form a cavity involved in the shuttling of DNA (Lamers et al., 2006). The original ancestral 

A) VAL-72 and B) ALA-72 mutated sequences are displayed in this image surrounded by the key residues that form the cavity: 

ARG-10, HIS-12, ASP-69, HIS-83, ARG-135, GLN-169, ARG-175, ASP-201 and ARG-203. The mutation appears to have 

slightly changed the distance of this position to the residues of this cavity in our homology model. 
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Figure 3.11. Mutations in the DNA polymerase III β clamp subunit have resulted in non-synonymous changes in regions 

near DNA binding. A) The THR-26 residue is shown alongside the B) MET-26 mutation we saw to this subunit in 

ΔungΔthyAΔtrmA T55E 3.2.1. Both of these are displayed alongside the ARG-24 residue known to be involved with DNA 

binding (Georgescu et al., 2008; Pandey et al., 2016). Our T26M mutation appears to have moved this position slightly away 

from the bound DNA template, while the homology model also indicates that the distance of ARG-24 has increased in one of 
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the dimers. C) GLU-140 is shown alongside D) our mutated LYS-140 residue seen in T32A.7. Also shown is another residue 

known to be involved with DNA binding, GLN-149 (Georgescu et al., 2008; Pandey et al., 2016). The homology model shows 

that this mutation appears to have positioned residue 140 slightly closer to the DNA template. E) TYR-153 and the mutated 

F) CYS-153 residue seen in T32A.3 are both shown alongside GLN-149. This mutation also appears to have located this 

position slightly closer to the DNA template. G) The ancestral GLY-157 and the mutated H) SER-157 seen in T32A.9 are also 

displayed alongside GLN-149. This mutation also appears to have moved this position slightly closer to the DNA template in 

our homology model. These mutations might ultimately play a role in how these strains are binding DNA, and it is possible 

they could be binding DNA slightly tighter if they are in closer proximity, although it is difficult to conclude this definitively 

from a single static structure. These images were generated using the homology models created from SWISS Model (Kiefer 

et al., 2009) and the 5FKW DNA polymerase III structure (Fernandez-Leiro et al., 2015). 

 

Figure 3.12. A Q203H mutation to the DNA polymerase III ε subunit in line T32A.7 has occurred in the linker that 

connects the two subunits. A) The ancestral GLN-203 sequence is displayed alongside the mutated B) HIS-203 residue that 

was seen in T32A.7. The ε subunit is displayed in green at both the top and bottom of the image, with the observed Q203H 

mutation displayed in the linker between the two. This linker joins the two domains of this subunit that bind the α polymerase 

subunit (gray) and the β -clamp subunit (blue). These images were generated using the homology models created from SWISS 

Model (Kiefer et al., 2009) and the 5FKW DNA polymerase III structure (Fernandez-Leiro et al., 2015). 
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3.4. Discussion 

Close investigation of modern nucleotide biosynthesis pathways reveal a potential pathway 

under which DNA could have evolved from RNA via a uracil-containing intermediate (Poole 

et al., 2001). While this uracil-containing intermediate no longer exists in the modern DNA 

world, synthetic biology techniques gives us the opportunity to work towards creating a model 

to further investigate this transition, and the plausibility of such an intermediate. In Chapter 2 

we have generated a strain of E. coli devoid of key genes in thymidylate biosynthesis through 

an evolution experiment that is capable of growing without exogenous thymidine 

supplementation. Whole genome sequencing of these strains has revealed a number of 

interesting mutations in our evolved ΔungΔthyAΔtrmA strains after 55 transfers, including 

mutations in key genes coding for proteins that play a role in nucleotide synthesis, transcription 

and DNA repair.  

3.4.1 Large numbers of mutations seen in the evolved T55 strains 

While a number of experiments have attempted replacement of thymine with uracil (el-Hajj et 

al., 1992), or other uracil analogs (Marlière et al., 2011a; Mehta et al., 2016a), none of these 

experiments have dived deeply into the genomes of these strains, as previously discussed in 

the introduction to this chapter. Understanding the mutations in our strains might help to 

elucidate how these strains are responding to the loss of thymidine biosynthesis. In our evolved 

ΔungΔthyAΔtrmA lines we saw between 10 and 39 mutations per strain, compared to 0-2 

mutations per strain seen in the REL606 control line that was also evolved alongside these 

strains. The larger number of mutations seen in the ΔungΔthyAΔtrmA strains is not unexpected, 

especially considering knock-out of uracil-DNA glycosylase, an enzyme that plays a role in  

the repair of U in the genome. Previous experiments in E. coli have seen increased mutation 

rates in response to the loss of ung, with the majority of these mutations through to be the result 

of G/C to A/U changes resulting from cytosine deamination (Duncan and Weiss, 1982). 

Interestingly, we have seen the opposite effect in our evolved ΔungΔthyAΔtrmA strains with a 

large bias towards G/C mutations. As we have also lost dCTP deaminase in our strains, dUTP 

from deamination of dCTP could be less frequent, resulting in a smaller pool of dUTP that 

could be used in DNA replication. However, this is not the only source of deamination, with 

cytidine deaminase (cdd) and cytosine deaminase (codA) not showing frequent levels of 
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mutation in our strains. We could test the effect of ung and cdd mutations on mutation bias by 

generating knock-outs of these genes individually in a wildtype strain of E. coli and performing 

evolution experiments to see the types of mutations that accumulate in this context. 

The REL606 control strain we evolved carries very few mutations compared to the 

ΔungΔthyAΔtrmA lines, with all-but-one of these mutations occurring in cysteine biosynthesis. 

These changes were seen in cysS (cysteine—tRNA ligase) and cysK. It is likely that mutations 

to this gene are associated with media adaptation (Barrick et al., 2009). In addition to this, 

cysteine was supplemented in the EZ rich media used for the evolution experiment, so loss of 

function in these genes may not be entirely unexpected. One of these mutations, in cysK 

(cysteine synthase) resulted in a large truncation and was therefore the most deleterious 

PROVEAN score seen throughout the entire evolution experiment. However, it is important to 

note that it is likely difficult to definitively conclude media adaptation when so few mutations 

occurred. We would need to continue evolving the REL606 control for longer in order to see 

the full effects of media adaptation in EZ rich media. 

3.4.2 Large deletions observed in evolved strains  

By transfer T26D.2 genome sequencing data revealed a 108kb deletion had occurred in this 

line. In addition to this, we also saw a 20kb deletion in T55D 3.2.1. These deletions occurred 

in similar regions between transposable elements, and contained a variety of genes related to 

pyrimidine biosynthesis, colonic acid biosynthesis and dTDP-L-rhamnose biosynthesis. 

Included in these genes was uridine kinase (udk) and dCTP deaminase (dcd). The first of these 

two, udk, is responsible for the production of UMP from uridine. Our evolution experiment 

was performed in a constant high concentration of deoxyuridine being supplied in the media. 

It could be possible that deletion of this gene contributes to an overall avoidance of 

accumulating more uracil in the genome. Thymidine kinase (tdk) is responsible for the 

metabolism of dU to dUMP in E. coli (Okazaki and Kornberg, 1964), so in the presence of 

supplemented dU it is likely that tdk was performing this key step in the production of dUTP. 

Uridine kinase also plays a role in the synthesis of CTP from cytidine (Valentin-Hansen, 1978), 

so deletion of this gene might have a secondary effect of avoiding UTP through deamination. 

In addition to this, dcd is responsible for the conversion of  dCTP to dUTP. If we are 

supplementing deoxyuridine, then deletion of this gene might be a way to avoid the 

accumulation further dUTP in the cell in a situation where the pools of available dU are already 

high. The accumulation of large amounts of dUTP in the cell could lead to further incorporation 
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of this into DNA and higher levels of potentially deleterious mutations in these strains. 

Imbalanced nucleotide pools are known to impact the rate of mutation in E. coli, with one study 

finding that a four-fold increase in dCTP concentration led to a 30-40-fold increase in the 

replication error rate (Schaaper & Mathews, 2013). If similar error rates were seen upon 

increased dUTP concentration in nucleotide pools, then loss of dcd could aid in preventing 

further imbalance of the pools in conditions where dU is being provided in the media. 

We also saw deletion of a number of dTDP-L-rhamnose biosynthesis genes (rfbC, rfbA, rfbD 

and rfbB). We would expect there to be no ability of these cells to access the dTDP required of 

this pathway, so loss could expected to be tolerated if this pathway is not in use. This deletion 

also contained thiD, a kinase involved in thiamine biosynthesis. Thiamine was supplemented 

in our media, so loss of this gene was likely to have little effect in this context. 

3.4.3 Large numbers of “deleterious” mutations seen 

Analysis of the non-synonymous mutations in the ΔungΔthyAΔtrmA strains using PROVEAN 

suggested that many of our mutations were deleterious. This includes mutations in genes key 

to many essential functions, including replication, transcription and repair. However, we need 

to be careful when interpreting data produced by tools such as PROVEAN. These may give us 

an indication that our mutations are having a large impact on protein structure, but they do not 

account for the specific conditions of our experiment where big changes might be needed to 

proteins involved in essential functions such as replication to accommodate for potential 

changes to the DNA substrate. 

However, the concern with our evolution experiment is that the accumulation of deleterious 

mutations could be contributing to the overall loss of fitness that we have seen in our strains. 

Although we have tried to maintain a scenario where population bottlenecks are low by 

transferring 1:50 dilutions to fresh media, the overall optical density of the strains, and 

therefore the number of cells carried over into the next transfer, is likely to be quite low. Under 

Muller’s ratchet (Muller, 1964), small, asexual populations can succumb to mutational 

meltdown through the accumulation of slightly deleterious mutations (Gabriel et al., 1993; 

Lynch et al., 1993). We have seen this occur in previous experiments undertaken in our lab 

(Lai, 2017), where successive bottlenecks resulted in the fixation of deleterious mutations. In 

small populations, genetic drift is strong and selection is weaker allowing this to occur. It could 

be possible that the accumulation of deleterious mutations that we are seeing in our strains 

could partially be due to this, alongside the loss of thymidylate synthesis. If this trajectory 
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continues in the evolution experiment, it could be possible that we are instead evolving the 

lines towards mutational meltdown, and extinction, through the accumulation of such 

mutations. 

3.4.4 Parallel mutations indicate key functions relevant for the loss of thymidylate 

biosynthesis 

Like many previous evolution experiments, such as those performed by Lenski, we might 

expect to see parallel evolution across multiple strains in response to the conditions of our 

experiment. Some of these might be attributed to the conditions of the experiment (such as 

media adaptation), but if we are to see large numbers of parallel mutations that are not present 

in the control strains, then they might prove to be important to responding to the loss of 

thymidylate biosynthesis in this experiment. The overall G score values that were calculated 

revealed that parallel mutation was not considerably higher than the simulated control for our 

experiment. This implies that extensive parallel mutation was not occurring in our evolved 

strains. However, when evaluating individual G score values, a number of mutations had far 

higher than expected values, indicating parallel mutation in those genes.  

In particular, we saw the deoR gene mutated 5 independent times across our 7 evolved strains. 

These mutations primarily introduced truncations into the protein sequences, although line 

T55D 2.3 had a F152S change that was determined as deleterious by PROVEAN with a score 

of -6.633. deoR encodes the repressor of the deo operon, and works by binding an operator 

sequence upstream of the deo operon in the absence of deoxyribose-5-phosphate, thereby 

preventing transcription (Mortensen et al., 1989). Truncation of this protein would likely result 

in more expression from the deo operon in the presence of deoxyribose-5-phosphate. This 

mutation hints towards selection against repression of the deo operon, and that this higher level 

of expression could be leading to more salvage of deoxyribonucleotides. 

The next three highest G scores were from the cysZ, mltA and rpoD genes. cysZ codes for a 

sulfate transporter that plays a role in the cysteine synthesis pathway (Zhang et al., 2014). While 

mutations specific to cysZ were not seen in our evolved REL606 strains, other mutations to 

cysteine synthesis were seen. This might indicate that mutations to this pathway are important 

in adaption to the media used, as discussed above. The membrane-bound lytic murein 

transglycosylase (mltA) was also seen to have three mutations in our evolved strains. This 

protein is thought to play a role in recycling of muropeptides during cell elongation and division 

by degrading murein glycan (Lommatzsch et al., 1997). Considering that we have seen an 
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elongation phenotype in our cells (see Chapter 2), this mutation could play a role in adapting 

to the inability of our strains to divide, although deletions to mltA are not known to show any 

obvious phenotype in E. coli (Lommatzsch et al., 1997). 

The final gene with three mutations was rpoD, an RNA polymerase sigma factor that mediates 

the attachment of RNA polymerase to initiation sites during transcription (Saecker et al., 2011). 

We saw three strains with mutations to the same residue in this protein (R554), although these 

resulted in two different changes (R554H in one strain, and R554C in the other two). This 

factor has a primary function in DNA binding at two sites: TTGACA and TATAAT (Shimada 

et al., 2014), and a R554A mutation to RpoD has been previously seen to reduce transcription 

of some SoxS-dependent promoter sequences (Zafar et al., 2011). The R554C change in 

particular results in a change from positively-charged residue to an uncharged residue, so could 

be having an effect on promoter binding. If our T55 strains are accumulating more genome U 

in place of T, then this could drive changes in proteins that specifically bind to regions 

containing T. To see whether our mutations affect binding of promoter sequences, we could 

place this type of promoter sequence upstream of a reporter such as GFP, and monitor the 

changes in expression in strains that have our rpoD mutation introduced.  

While we did see some evidence of parallel mutations occurring across our lines, it is likely 

that our experiment was not long enough to see the true effect of any parallel mutations, as it 

only reflected a small number of generations (<350). This is especially true for our control 

REL606 strains where only 4 mutations were seen across 5 strains. In the future it would be 

interesting to extend the evolution experiment beyond 55 transfers to see if any further parallel 

mutations are observed. 

3.4.5 DNA polymerase mutations 

DNA polymerase mutations were seen in a large number of strains throughout the duration of 

the evolution experiment, with 4 mutations to dnaE and dnaN in three strains at transfer 32, 

along with an additional two mutations to the same two subunits in our T55 strains. DNA 

polymerase III is the key DNA polymerase involved with replication in E. coli (McHenry and 

Crow, 1979), so it is possible that mutations in polymerase genes are occurring in response to 

the loss of thymidylate synthesis through either an increase in the strength of binding to existing 

dTTP, or through adaptation to use dUTP. 
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In T55D 2.1 we observed a V72A mutation in the α subunit (encoded by dnaE), the subunit 

that performs the key polymerase function of the holoenzyme (McHenry and Crow, 1979). 

Interestingly, the mutation to dnaE did occur in T55D 2.1, the strain with the highest number 

of mutations at T55 (139, while the next closest had 80). At the N-terminal end of this protein 

lies the PHP domain, shown to be involved with a Zn++-dependent proofreading activity 

(Stano et al., 2006), although this function has not yet been shown in E. coli (Barros et al., 

2013). It has also been proposed that this domain acts as a pyrophosphatase responsible for the 

hydrolysis of pyrophosphate products of DNA synthesis (Aravind and Koonin, 1998), but this 

activity has not been seen in the enzyme (Lamers et al., 2006). The V72A mutation seen in 

strain T55D 2.1 occurred in this PHP domain. Key to this domain is a cavity formed by the 

residues D69, H83, R10, R12, H203, D201, R175, R135 and E169, which is believed to provide 

a cavity for DNA to enter the active site of the domain (Lamers et al., 2006). Our mutation was 

seen to have occurred in close proximity of these residues, slightly outside of the main cavity. 

An alanine in this position was not seen across any of the other 144 bacterial phyla we aligned, 

indicating that this is not a common change and might be unique to the conditions of our 

experiment. Valine and alanine are both similar classes of amino acids, so the effect of this 

mutation might be limited, although the PROVEAN score (-2.860) indicates that this mutation 

is slightly deleterious. Assuming that the proofreading function discussed above exists in E. 

coli, and that this function is affected by our mutation (as the PROVEAN score indicates), it is 

possible that this mutation could be contributing to the higher rate of mutation seen in this 

particular strain, although this would need to be confirmed with further experiments. This could 

be done by introducing this mutation into a wildtype strain to observe the effects on the rate of 

mutations. 

T55 3.2.1 saw a T26M change in the β clamp (dnaN), that encircles DNA during DNA 

replication by forming a dimer around the DNA. The mutation we observed to T26M occurred 

in domain I of the protein, which controls the opening of the clamp through dissociating the 

clamp from domain III of the protein (Fang et al., 2011). In particular, residues 21-27 of this 

domain are known to be disordered and are therefore thought to be quite flexible in this 

structure (Oakley et al., 2003). DNA is also known to interact with an arginine residue at 

position 24 (Georgescu et al., 2008; Pandey et al., 2016), in close proximity to our mutation. 

Both threonine and methionine are uncharged, and PROVEAN indicates that this mutation is 

deleterious (-4.406). Our homology modelling shows that the mutation we observed might have 

increased the proximity of this residue to the DNA. When we also consider the fact that 
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methionine at this position is rare, with it only having been observed once across all 65 bacterial 

protein sequences that we aligned, it is possible that this mutation could be important in 

adjusting to the binding of an alternative substrate such as genomic U.  

In addition to the whole genome sequencing of the evolved strains at T55, we also performed 

Sanger sequencing of all the DNA polymerase genes across a broad number of strains at 

transfer 32 in the evolution experiment. This sequencing included a number of strains that were 

not carried through to the final completion of the evolution experiment, and might give an 

indication more broadly of how the strains were responding to the loss of thymidylate 

biosynthesis more broadly across the experiment. Sequencing of these strains revealed three 

additional changes seen in the β clamp (E140K, Y153C and G157S).The three additional 

mutations that were seen to the β clamp were seen in a different domain to the T26M change 

seen at T55. These mutations all occurred in domain II of the clamp, known for DNA binding 

as well as the site for interaction with various proteins that bind to the β clamp (Pandey et al., 

2016). In particular, a glutamine residue at position Q149 is known to bind to DNA (Georgescu 

et al., 2008; Pandey et al., 2016). All three of our mutations were seen in close proximity to 

this residue, so could be playing a role in the interaction of the β clamp with DNA. In some 

cases, our mutations seemed to decrease the proximity of the mutated residue to either the DNA 

itself, or to the key Q149 position. As these structures are static, it is likely difficult to 

extrapolate exactly how this proximity would change as replication progresses, but the fact that 

we have seen so many mutations occur in close proximity likely indicates the importance of 

this region in the context of our experiment. In particular, E140K changed from a negatively 

charged to a positively charged residue, so the chances of this residue interacting with the DNA 

in the mutated strain is higher.  

If more uracil was accumulating in the genome, then changes to the polymerases could aid in 

binding more strongly to this alternative base instead of T. Alternatively, as we have slowly 

decreased the concentration of dT over the course of the evolution experiment, it could also be 

possible that our mutations are resulting in an increase in binding to the dTTP that remains by 

binding more strongly. To establish whether our mutations are causing a change in binding 

based on one of these two scenarios, we could do binding assays to investigate the interaction 

between DNA polymerase III containing our individual mutations and T- or U-containing DNA 

substrates. If we see better binding to DNA substrates containing U for our mutations, then this 

would likely point towards increasing levels of U in DNA. 
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We have also seen a mutation in the ε subunit (dnaQ) of the DNA polymerase in line T32.7. 

The ε subunit has proofreading 3'-5' exonuclease activity, and binds both the β clamp and α 

polymerase subunits, stabilising the two through two separate domains (Perrino et al., 1999). 

The Q203H mutation seen in this line does not occur where the two ε domains bind either of 

the two subunits. Instead the mutation occurs in the long linker connecting the two domains. 

The Q203H mutation is a change from an uncharged residue to a positively-charged residue, 

so its interaction within surrounding residues could have changed substantially. It was 

hypothesised that this linker sequence might be important for positioning the two domains on 

the β clamp and α polymerase (Perrino et al., 1999). Follow-up work has shown this linker to 

be very flexible and likely involved in the transition from polymerisation to editing (Ozawa et 

al., 2008). If this were the case, it is possible that our mutation could be effecting how the two 

domains are positioned, and the transition from polymerisation to editing. If this mutation is 

affecting the editing ability of the enzyme, we could test this as previously described by 

introducing our mutation into a wildtype background and testing the effect on mutation rate. 

3.5. Summary 

It would appear that the absence of dTTP has major effects on replication machinery in our 

experiment, with a number of mutations occurring to key genes such as DNA polymerase. 

These mutations suggest that the loss of dTTP substrate has been successful, and that the 

machinery has adapted to this, possibly by accommodating the alternative dUTP substrate. To 

establish whether this is the case, we now need to understand if our strains are accumulating 

genomic U. The next Chapter in this thesis will now go onto to investigate the levels of T 

replacement in the genome through the use of Oxford Nanopore sequencing, and machine 

learning to train basecalling models to recognise and differentiate U from T in genomic DNA. 

Establishing such models will allow us to then establish how much replacement of T we are 

seeing in the ΔungΔthyAΔtrmA strains.
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Chapter 4. Detection of Uracil in Genomic DNA 

4.1. Introduction 

In Chapter 2 of this thesis we have generated strains of E. coli that are capable of growing 

without any thymidine (dT) supplementation in pursuit of testing the hypothesised two-step 

transition from RNA to DNA via a uracil-containing intermediate. These strains lack the key 

enzyme for thymidylate biosynthesis and would be expected to have accumulated large 

amounts of U in the genome throughout the evolution experiment performed in Chapter 3. 

Obtaining a strain of E. coli with high, or complete, levels of replacement of T with U is a key 

step in testing the repair-first hypothesis proposed by Poole et al. (2001), that was explained in 

detail in Chapter 1. In order to establish whether high levels of replacement have been achieved 

in our evolved strains, we have investigated the use of Oxford Nanopore sequencing 

technologies for the detection of modified bases in DNA. This method has not been applied to 

uracil in DNA, and have not yet been applied at a scale where whole-genome replacement of a 

base is expected. Existing techniques such as mass-spectometry often give a proportion of 

modification. Nanopore sequencing differs from existing methods used for uracil-detection in 

that it will give a base-level resolution of whether an individual base is modified.  

4.1.1 Current techniques for uracil detection 

Mass spectrometry-based techniques are most commonly used to investigate uracil content in 

DNA, with a proportion of relative nucleotides in DNA gained from this technique. HPLC-

MS/MS was utilised to show that the bacteriophage phiR1-37 has a genome composed of U-

DNA (Kiljunen et al., 2005). Other experiments have also utilised LCMS to determine the 

uracil content in the Escherichia coli genome in dUTPase (dut), uracil-DNA glycosylase (ung) 

and double-stranded uracil-DNA glycosylase (dug) mutants (Lari et al., 2006), and HPLC has 

been used for thyA mutants (Marlière et al., 2011). This method is effective, gives a proportion 

of the composition of each base in DNA, and is able to be easily applied at a whole-genome 

level. 

Horváth and Vértessy (2010) and Muha et al., (2012) have also utilised a real-time quantitative 

PCR assay for the detection of uracil in the genome. This was used to determine the uracil 
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content of Drosophila during larval development. This uses two different types of DNA 

polymerases. The first is a wildtype Pfu from the archaeaon, Pyrococcus furiosus, which selects 

uracil-free DNA only, as Pfu will cease synthesis if any uracil is present in the template. When 

uracil binds to a specific pocket in the polymerase, synthesis stalls and extension of PCR 

products halts. A second variant of Pfu is then used, with a mutated binding pocket that is 

capable of amplifying the uracil-containing templates. The Cq values of the two quantitative 

real-time PCR reactions are then compared, and this provides an idea of the percentage of uracil 

content in the genome. This method require sets of primers to be designed for every region of 

interest, and would likely be too labour-intensive for analysing whole-genome levels of 

replacement. 

A uracil sensor fusion protein has also been developed by Róna et al. (2015), which detects 

uracil in DNA. This method involves the use of an inactive UNG protein which can bind to, 

but not excise, uracil. The sensor is then able to be detected with conventional antibodies in 

dot-blot applications or in situ using immunocytochemcial techniques. This could allow for the 

detection of uracil through methods similar to chromatin immunoprecipitation (ChIP-Seq), 

although the authors did not explicitly mention this approach. Techniques such as ChIP-Seq 

make it possible to identify protein-binding sites through the addition of antibodies specific for 

that protein, then massively parallel sequencing allows for detection of these sites (Robertson 

et al., 2007).  

In recent years, newly emerging sequencing technologies such as nanopore and SMRT have 

been used for the detection of modified bases, and could provide an interesting avenue for 

investigation. While the currently used methods are all effective in identifying uracil in 

genomic DNA, the use of new sequencing technologies may provide an opportunity for 

developing a higher level of specificity by being able to determine whether an individual base 

at a particular position in the genome is uracil.  

4.1.2 Detection of modified bases in DNA using single-molecule sequencing methods 

Sequencing using the MinION from Oxford nanopore is a reasonably recent addition to the 

next-generational sequencing arsenal, having been released in 2015 as part of an early-access 

programme. Nanopore sequencing works by measuring electric current as single-stranded 

DNA passes through bespoke nanopores, with each base registering a different current (Figure 

4.1, (Ashkenasy et al., 2005; Deamer et al., 2016; Jain et al., 2016)). This characteristic is what 

makes this technology incredibly promising for the detection of modified bases, and thus a 
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promising avenue for detection of U in genomic DNA. Fundamentally, if a modification at a 

particular base results in a change in the current, and if the signal deviates significantly from 

what would be expected for that particular base, it should be possible to determine whether that 

base is “modified”. This technology differs from other existing sequencing technologies, most 

of which are hybridisation-based. Illumina sequencing is an example of this where the DNA is 

initially amplified by PCR. Polymerase then adds fluorescently-labelled dNTPs during 

multiple synthesis steps, with each of the four bases emitting a unique signal that is interpreted 

as the base at that point in the DNA sequence. These steps involve supplied nucleotides 

hybridising to the template DNA at both the amplification and synthesis steps, and mean that 

it would not be possible to detect any uracil that would be present, unless a technique similar 

to ChIP-seq described in section 4.1.1 was established. 

 

Figure 4.1. Schematic of Oxford Nanopore sequencing. A) A DNA strand is unwound by a helicase (teal) and a single 

strand of DNA is pulled through the pore (purple). B) As the DNA travels through the pore, shifts in the current (pA) are 

registered for each nucleotide that travels through, generating a file containing raw signal data for each read. This is illustrated  

by the adenine (A) nucleotide indicated by a red asterisk, where the signal (the orange line) deviates from the expected black 

line.  
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Nanopore-based methods have already been used to successfully detect 16S rRNA base 

modifications (Smith et al., 2019), CpG methylation in human and mouse (Gigante et al., 2019; 

Jain et al., 2018), to differentiate methylated cytosine from unmethylated cytosine (Simpson et 

al., 2017), as well as N6-methyladenine in bacteria, a common modification utilised by 

restriction modification systems (McIntyre et al., 2019).  

Single-Molecule Real-Time (SMRT) sequencing (Pacific Biosciences) has also been shown to 

detect base modifications in sequencing data. SMRT sequencing utilises Zero-mode 

waveguides, nanostructures that allow for detection of single molecules as replication of a 

template is undertaken (Levene et al., 2003). dNTPs containing fluorescently-labelled 

phosphate groups are incorporated by DNA polymerase, with a pulse emitted when the 

phosphate groups are broken during synthesis (Eid et al., 2009). This pulse is detected, with 

each base having a unique signature (Eid et al., 2009).  For this type of sequencing, kinetic 

information of the polymerase is reported alongside the sequence information, and if the 

change in kinetics observed is significantly different, then it is possible to detect base 

modifications from this information (Feng et al., 2013). SMRT sequencing has been used to 

detect a variety of modifications, including 6-methyladenosine (m6A), 4-methylcytosine 

(m4C) and 5-methylcytosine (Blow et al., 2016; Flusberg et al., 2010). Cliffe et al. (Cliffe et 

al., 2009) and  Genest et al. (Genest et al., 2015) also utilised SMRT sequencing to distinguish 

β-D-glucosyl-HOMedU (a modified form of uracil) from thymidine, making such technologies 

a logical candidate for detecting uracil in the genome. However, this technology does not 

appear to work equally as well on all modifications, with the effect of modifications such as 

m5C being harder to pinpoint, so the true level of modification in these cases can often be 

underrepresented (Blow et al., 2016; Clark et al., 2012). SMRT sequencing also has the added 

benefit of having a far lower error rate than nanopore sequencing due to the addition of circular 

adapter sequences that allow for passing of a single molecule multiple times to generate a 

consensus across multiple passes (Weirather et al., 2017). 

In this Chapter we have focused on using Oxford Nanopore sequencing for detection of 

genomic uracil in DNA due to its flexibility in identifying a range of different modifications, 

ease of use and the ability to undertake the experiments and analyses in our lab. 



Chapter 4 | Detection of Uracil in Genomic DNA 

 121 

4.1.3 Tools for the detection of modified bases from Oxford Nanopore sequencing data 

A number of tools for the detection of modified bases in nanopore data have emerged in recent 

years, with many of these focusing on specific modifications . This means they will not be 

useful for the context of our experiment where we will be detecting and training a modification 

that has not yet been studied in detail. Tools such as SignalAlign (github.com/ArtRand 

/signalAlign), mCaller (github.com/al-mcintyre/mCaller) and deepsignal (Ni et al., 2019) fall 

under this category, where they focus on various forms of methylation. Nanomod (Liu et al., 

2019a) and its successor DeepMod (Liu et al., 2019b), as well as Nanopolish (Simpson et al., 

2017) and Tombo (Stoiber et al., 2016) all provide options for modified basecalling that are 

not specific to a particular modification. 

In investigating an alternative modification that has not previously been detected and used to 

train basecalling models, we first had to establish whether it was possible to see a difference in 

signal between U and T in DNA. From here, this data can be used to train a basecalling model 

that will allow for the calling of U as a modified base in other samples. Tombo 

(github.com/nanoporetech/tombo) is a tool specifically designed for the detection of modified 

bases from raw sequencing signals, and allowed us to determine if it was possible to detect 

uracil in DNA. We also investigated Taiyaki (github.com/nanoporetech/taiyaki) in this chapter, 

a machine learning tool that allows for the training of a modified basecalling model that can 

then be used in a tool such as Megalodon (github.com/nanoporetech/megalodon) to determine 

whether replacement of T with U in our strains was achieved, and to what extent.  

4.1.4 Tombo 

Tombo offers 4 different methods for modified base detection from Oxford Nanopore data. 

These methods are as follows: 

1. Alternative models 

This involves the use of basecalling models that have already been trained for detecting specific 

modifications. At the time of writing this includes 5-methylcytosine (5mC), N6-Methyladenine 

(6mA), and motif-specific models for CpG sites, the E. coli DNA adenine methylase (dam) and 

DNA cytsosine methylase (dcm), as well as 5mC for RNA. The benefit of using an existing 

model lies in the fact that both the location and the specific type of modification that has 

occurred is known, so this method is recommended if your modification falls within one of 

those trained models. While the difference between U and T is fundamentally similar to 
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methylation modifications, it is not possible to use in the context of our experiment, as the U 

vs T model has not specifically been trained. 

2. Comparison to control sample corrected for canonical basecalling models 

The second type of base modification detection involves comparison of raw nanopore 

sequencing signal data to a control sample that is known not to contain the modification, while 

correcting this control data for canonical basecalling models. This method is referred to as 

model_sample_compare, and provides the most robust method for detection of new 

modifications. Model_sample_compare takes an existing trained model for DNA, and then 

uses your control data to modify this model based on the particular signal that is seen in the 

context of your sequence data. This is then compared to your experimental data set to see 

whether the signals deviate from what is expected at each position. Depending on the quality 

of the data there can be issues associated with pinpointing the exact location of the 

modification, and as there are no trained models for this method of detection, it will not tell us 

explicitly that a position is U, just that it deviates from the expected signal for T. This relies on 

the user knowing exactly what modification should be present in the position. 

3. Comparison to control data only 

The level_sample_compare option is essentially identical to the model_sample_compare 

option, but instead of using the existing trained model, it relies exclusively on the control 

dataset, and calculates whether the signals in the experimental data deviate significantly from 

the signals seen in the control data. This means that this method can be more inaccurate if the 

control data is noisy.  

4. De novo detection of modifications 

The final method of modified base detection available in Tombo is de novo detection. This is 

the least accurate of the offered options, and has a far higher error rate. This has the benefit of 

being able to be applied to any sample, without the presence of control data, as it instead looks 

for variations in signal compared to the canonical DNA model only. 

In the context of our experiment, model_sample_compare and level_sample_compare provide 

the most robust level of modification detection as we have control data for comparisons, and 

should be able to directly compare U and T in particular positions. 
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In published works where Tombo has been used as a tool for modified base detection (Fleming 

et al., 2021; Gao et al., 2021; Ramasamy et al., 2021; Stephenson et al., 2020; Tvedte et al., 

2021; Yuen et al., 2021), Tombo is used to identify modified bases in scenarios where only 

small proportions of the data will be modified. Our use of Tombo for detecting complete 

replacement of T with U is the first example where Tombo has been used at such scale. Signals 

in raw read data can shift at several positions surrounding a modified base, so we might expect 

to see considerable noise in this analysis (Liu et al., 2019a). Alongside this, Nanopore data is 

also known to be more error prone than other sequencing methods, with an error rate of up to 

14% depending on the technology used and the molecule type (Sahlin and Medvedev, 2021), 

potentially making it more difficult to establish a clean result for each base (i.e. 0% at A, G, or 

C, 100% at U). 

4.1.5 Taiyaki 

We have also trialed the use of Taiyaki in this chapter, a tool developed by Oxford Nanopore 

for the training of basecalling models (github.com/nanoporetech/taiyaki), to train my own 

basecalling model capable of detecting uracil in genomic DNA and anchoring this to mapped 

reference sequences so that we can get an indication of replacement in our strains. Taiyaki is a 

machine learning tool, where reads with known modified positions are used to train an 

alternative basecalling model. This training occurs in two rounds, with the first round training 

for canonical basecalls (A, C, G and T) using existing Nanopore basecalling models, then a 

second round focuses instead on training for the specific modified base provided in the reads 

with known modified positions. Megalodon (github.com/nanoporetech/megalodon), another 

tool developed by Oxford Nanopore is then used for downstream basecalling, utilising either 

the Guppy (Oxford Nanopore Technologies) or the Taiyaki backend basecallers. Megalodon 

basecalls the data, then maps the data to a reference sequence using Minimap2 (Li, 2018), and 

anchors modified basecalls to the reference sequence so that an indication of the level of 

replacement is obtained. 

Like Tombo, Taiyaki has primarily been used for detecting modifications where the number of 

modifications are reasonably small. This is the first instance where Taiyaki has been used in 

such a large context, potentially detecting an entire genome of modifications. As we would 

expect for Tombo, the high error rate of Nanopore data might make model training difficult to 

achieve, but as nanopore sequencing technologies continue to improve tools like Taiyaki and 
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Tombo which rely on the quality of the input data, will become increasingly more accurate for 

the detection of modified bases.  

This chapter aims to use Tombo and Taiyaki as a proof-of-concept in demonstrating whether 

U can be detected and called at such a large scale, as an alternative to other already-established 

methods such as LCMS. We then plan to use this trained model to determine the level of 

replacement in the evolved ΔungΔthyAΔtrmA strains generated in Chapter 2. To facilitate the 

use of both Tombo and Taiyaki, we have generated synthetic PCR products that contain U in 

place of T through the use of PhusionU polymerase and dNTPs containing dUTP in place of 

dTTP. Using this synthetic DNA we have successfully demonstrated that it is possible to 

differentiate U from T in DNA, and that we are able to see large-scale replacement of T with 

U in the PhusionU DNA. This PhusionU data was then used to train a basecalling model in 

Taiyaki that was used to basecall REL606 (containing T) and PhusionU control data (with U). 

Our trained models were not able to successfully determine modification levels in control data 

containing T, so this method was not used on the evolved T35 and T55 ΔungΔthyAΔtrmA 

strains. We have instead trialled Tombo on the MinION data from the evolved 

ΔungΔthyAΔtrmA strains to gain an idea of the level of modification in the evolved strains. This 

indicated small levels of genomic replacement with U, with large proportions of the data failing 

to be used in analyses. It is likely that the quality of extracted DNA starting material, and the 

low quality of the subsequent data is contributing to the low level of replacement that we have 

seen. 

4.2. Methods 

4.2.1   Strains and media – growth 

Escherichia coli strain B REL606 (Genotype: F-, tsx-467(Am), araA230, lon-, rpsL227(strR), 

hsdR-, [mal+](LamS)) and REL606 ΔungΔthyAΔtrmA T35 and T55 lines were generated and 

grown as previously described in Chapters 2 and 3. Media used for this chapter is the EZ rich 

media already defined in chapters 2 and 3, as well as Appendix 1. 

4.2.2 DNA extractions 

REL606 control strains were streaked to single colonies on EZ rich agar with streptomycin and 

2% glucose, and were grown at 37°C for 16 hours. A single colony was used to inoculate EZ 

rich liquid media containing streptomycin and 2% glucose and was grown at 37°C overnight. 
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DNA was extracted from this overnight culture using the Wizard® Genomic DNA Purification 

Kit (Promega), following the manufacturer’s specifications. DNA was quantified using the 

Implen Spectrophotometer and Qubit 4.0 Fluorometer. 

U-DNA strains were grown from glycerol stocks at both transfer 35 and transfer 55 in EZ rich 

media with streptomycin and 2% glucose for 4 days at 37°C. A 1:50 dilution of this overnight 

culture was made into 500mL of fresh EZ rich media containing streptomycin and 2% glucose, 

and was grown for a further 4 days at 37°C. 500mL of culture was spun down and the 

supernatant was removed. DNA was extracted using the Genomic DNA Buffer Set (Qiagen) 

and Genomic-tip 20/G (Qiagen), following the manufacturer’s specifications for DNA 

extractions from gram-negative bacteria. Extracted DNA was treated with RNase A (Promega) 

for 60 minutes at 37°C, and cleaned up by adding one volume of phenol:chloroform:isoamyl 

alcohol (25:24:1) (Sigma). Samples were vortexed for 30 seconds, then spun down at maximum 

speed for 5 minutes. The aqueous phase was transferred to a new tube, and 1µl of 20 µg/µl 

glycogen (ThermoFisher), 0.5 volume of 7.5 M ammonium acetate and 2.5 volume of 100% 

absolute ethanol were added to the sample. DNA was precipitated by placing the tube at -80°C 

for 1 hour and tubes were centrifuged at max speed for 30 minutes (4°C). The pellet was washed 

twice in 200 µl 70% absolute ethanol and was resuspended in nuclease free water. DNA was 

quantified using the Implen  Spectrophotometer and Qubit 4.0 Fluorometer with Qubit DNA 

HS reagents, while the absence of RNA contamination was confirmed by using Qubit RNA HS 

reagents (ThermoFisher). 

4.2.3 U-DNA control PCR product generation using PhusionU 

To generate PCR products that contained U in place of T, REL606 DNA was amplified using 

Phusion U (ThermoFisher Scientific) and a dNTP mix that contained dUTP in place of dTTP 

(ThermoFisher Scientific). Different concentrations of DMSO and the use of either HF or GC 

5X Phusion buffer was optimised, and the conditions ultimately used listed in Table 4.1 below. 

The primers used spanned 8kb fragments of the genome (Table 4.1), generating PCR products 

that exclusively contained U in place of T, with the exception of the primer regions. Size and 

purity of PCR products was confirmed by gel electrophoresis, the 8kb fragments were cut from 

the gel and purified using the Wizard® SV Gel and PCR Clean-Up System (Promega).   
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Table 4.1. Primers and PCR conditions used in this Chapter. GC indicates buffer used for high-GC-containing templates, 

while HF indicates the high-fidelity buffer. All buffers were used at a final concentration of 1x. 

PRIMER  PRIMER SEQUENCE DMSO BUFFER  CYCLES ANNEALING 
TEMPERATURE 

49,819 F 5ʹ ‒CAGTGTGCGCTTCGATTACG‒ 3ʹ 3% GC 50 55°C 

57,742 R 5ʹ ‒GTCGATAAAACCGACGCTGC‒ 3ʹ  

323,803 F 5ʹ ‒CGTTTGTCGCGCTGGATAAG‒ 3ʹ 3% HF 40 60°C 

331,398 R 5ʹ ‒GCCTCGCGCTGGAATTTAAG‒ 3ʹ  

440,129 F 5ʹ ‒CGAAATGTTAGGCAGCGTCG‒ 3ʹ 3% HF 40 60°C 

447,803 R 5ʹ ‒CACTCAACAGAATACGCGCG‒ 3ʹ  

2,512,864 F 5ʹ ‒GTCGTCGAAGCGTTAATGGC‒ 3ʹ 0 HF 50 60°C 

2,520,472 R 5ʹ ‒CGTTTCTGTTGGCACCACTG‒ 3ʹ  

3,187,973 F 5ʹ ‒GCGTTTATTCGTGACGAGGC‒ 3ʹ 0 HF 40 60°C 

3,195,764 R 5ʹ ‒CACGCAGCTTCATTACGTCG‒ 3ʹ  

3,454,320 F 5ʹ ‒CGCTGACATTACGTGCTTCG‒ 3ʹ 3% HF 40 60°C 

3,462,315 R 5ʹ ‒CGTGTTCGTCATCGCCAATC‒ 3ʹ  

3,889,929 F 5ʹ ‒GGCCAGCATCACATTAAGCG‒ 3ʹ 3% GC 40 60°C 

3,897,818 R 5ʹ ‒GACGCGCCACTTCAATGATC‒ 3ʹ  

4,157,711 F 5ʹ ‒GATAAGCCGCGTCCGAAAAC‒ 3ʹ 0 HF 40 60°C 

4,165,497 R 5ʹ ‒CTTCGCGTCGAATTCGTCAC‒ 3ʹ  

4,433,509 F 5ʹ ‒GCGAAAGATGCCGAAATCCC‒ 3ʹ 0 HF 40 60°C 

4,441,369 R 5ʹ ‒CACCATAACGCGTGCTTACG‒ 3ʹ  
 

4.2.4 MinION Sequencing 

For the REL606 control, extracted DNA was prepared for sequencing using the Ligation 

Sequencing Kit (SQK-LSK109, Oxford Nanopore Technologies). DNA was fragmented to 

~8kb using Covaris G-tubes (Trend-Bio), followed by library preparation using the Oxford 

Nanopore kit specifications. The REL606 control was sequenced on a FLO-MIN106 (Oxford 

Nanopore Technologies) flow cell for 48 hours. Phusion U PCR products were sequenced in 

the same way, but were not fragmented prior to library preparation as the PCR products 

themselves were already ~8kb in size. The pooled library of PCR products was also sequenced 

on a FLO-MIN106 flow cell for 48 hours. 

Libraries for T35 and T55 were prepared using the Rapid Barcoding Sequencing (SQK-

RBK004, Oxford Nanopore Technologies) kit. DNA was tagmented to simultaneously 

fragment and attach barcodes to the DNA, samples were then pooled and sequencing adapters 

were attached. The pooled library was run on a MinION using a FLO-MIN106 (Oxford 

Nanopore Technologies) flow cell for 48 hours. After sequencing, the quality of data for both 

runs was confirmed by MinIONQC version 1.4.2 (Lanfear et al., 2019). 
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4.2.5 Detection of modifications using Tombo 

Tombo (github.com/nanoporetech/tombo) was used for the detection of U in the Phusion U 

nanopore sequencing data through the comparison of raw signals of the read data. Tombo 

version 1.5 was installed in its own Anaconda 4.8.0 environment using Bioconda, with all 

dependencies also installed using Bioconda. An overview of the workflow used is provided 

below (Figure 4.2). 

 

Figure 4.0.18. Workflow for the detection of modified bases using Tombo. 

The PhusionU PCR products and the REL606 control Nanopore sequencing data were firstly 

re-basecalled using Albacore 2.3.1 (Oxford Nanopore Technologies), specifying the output of 

both fast5 and fastq files. All output from Albacore was then run through the Tombo resquiggle 

command to align the raw signal to a reference sequence (CP000819.1) for the REL606 control 

and PhusionU data. Detect modifications was then run with the model_sample_compare 

command to compare the raw signals from the Phusion U data to the canonical DNA model 

adjusted to the raw signals of genomic DNA samples that did not contain U. The same Phusion 

U reads were then used with the level_sample_compare option to compare them directly to the 
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canonical DNA model. The fraction of modified reads for the model_sample_compare method 

was then exported from the statistics file using the text_output command, with the same 

command also being used to extract information about the effect size (D statistic) and p-values 

from the level_sample_compare_method. The plot command was also used to plot the most 

significantly modified mapped regions. When analysing data, each 8kb region was extracted 

from the statistical data, and the primer regions were removed so that no T remained in the 

analysed dataset. 

The Tombo model_sample_compare command was then used to compare all nanopore data 

produced from the T35 and T55 strains to the REL606 control data. For these strains, statistics 

were calculated across mapped regions to gain an idea of the level of modification across the 

entire genome. 

4.2.6 Training of modified basecalling models using Taiyaki 

Taiyaki 5.0 (github.com/nanoporetech/taiyaki) was used to train an alternative basecalling 

model using the Phusion U PCR products as input. An overview of the workflow used is 

provided in Figure 4.3. 
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Figure 4.3. Workflow for training models for modified basecalling using Taiyaki. 

The scripts associated with Taiyaki were run exclusively in their own Anaconda                                                                                                                                                                       

4.8.0 environment (available from anaconda.com), running python 3.7 (available from 
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python.com) and Pytorch 1.2 (Paszke et al., 2019). All dependencies required by Taiyaki were 

installed using the Anaconda package manager.  

The fast5 MinION sequencing output of the control Phusion U PCR products was firstly re-

basecalled using Guppy (3.3.0, Oxford Nanopore Technologies), ensuring that both fast5 and 

fastq files were output. Generate_per_read_params.py from Taiyaki was run with the fast5 

read directory to generate a .tsv containing the scaling parameters of each read required for 

model training.  

From here, two separate models were then trained. The first used all 2,974,822 reads from the 

sequenced Phusion U sequences. To train this model, the Clang/llvm version 3.7 compiler and 

GCC were installed on MacOS using HomeBrew version 3.2.3 to enable multiprocessing. This 

model used the REL606 (accession: CP000819.1) reference sequence for mapping steps. A 

second model only contained a selection of 1,000 reads from one of the 8kb regions that were 

amplified. This model was trained on Ubuntu 20.04 using GPU processing, which instead 

required CUDA 8.0 to be installed. A reference sequence was generated for this model by 

taking the REL606 reference sequence, and extracting the region created by the 49,819F and 

57,742R primers listed in Table 12. The primer region was then excluded so that the region 

spanned positions 49,839-57,722 of the REL606 genome. A selection of 1,000 fast5 reads were 

selected by importing the reads into Geneious Prime 2020.2 (Kearse et al., 2012) and using the 

BBDuk (Bushnell et al., 2017) plugin to remove all reads below a Q12 quality score and below 

6kb and above 8kb in size, leaving only those reads that were both of high quality and of an 

expected size for the 8kb PCR product. MiniMap2 (Li, 2018) was then used to map these reads 

to the 49,839-57,722 reference sequence generated above to generate a SAM file. Per-read 

references were extracted from this file using the get_refs_from_sam.py script included in 

Taiyaki to generate a fasta file that contained the reference sequences for each read that would 

then be marked with the modified base locations. The following regex command was used in 

the terminal on the generated fasta file to replace all T positions with Z to mark these locations 

(U was not able to be used as it is already used as a canonical base in RNA in Oxford Nanopore 

tools).  

Sed -I ‘/^>/! s/{^ACGN]/Z/g’ 

The prepare_mapped_reads.py script was used with the marked fasta reference file and the 

output previously produced by generate_per_read_params.py to create the mapped read file, 
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specifying the Z modification as “U-DNA”, generating the final output file containing all read, 

signal, reference and mapping information that would be used for model training. 

The model was finally trained in two steps using the train_flipflop.py script. The first step 

specified a lower modification factor of 0.01 to focus on canonical calls over modified reads. 

The second round of training then takes the model from the previous round and retrains it with 

a modification factor of 1.0 to focus on training the model for modified “Z” bases. 

4.2.7 Basecalling using Megalodon 

Before basecalling could be performed, the models produced from Taiyaki were converted 

using the dump_json.py script in Taiyaki to give a .json file that Guppy would recognise. This 

.json file was then used to generate a Guppy configuration file that specifies the location of the 

model for Megalodon. 

The .json model created using Taiyaki was then used to basecall control data using Megalodon 

and the Guppy basecall server. Basecalling was performed on 1,000 REL606 genomic reads 

and 1,000 PhusionU reads to use for downstream model calibration, specifying --disable-mod-

calibration so that Guppy would be able to run the basecalling to calibrate the model. Ground 

truth modification locations for T (REL606) and U (Phusion U) were extracted from the 

basecalled reads using the megalodon_extras modified_bases create_ground_truth command. 

The ground truth data then served as input for the megalodon_extras calibrate 

generate_modified_base_stats command, giving the megalodon results from above for both 

REL606 to serve as the canonical calls, and the modified PhusionU megalodon results to serve 

as the modified calls. The final calibration step was then run using the megalodon_extras 

calibrate modified_bases command, inputting the modified base statistics file generated in the 

previous step. This produced a model calibration file to be fed into Guppy when basecalling 

was performed. 

To indicate the success of the calibrated models, the models were then used to basecall 10,000 

REL606 genomic reads, as well as 10,000 of the PhusionU reads. As a comparison of the 

success of each trained model, the same 10,000 reads were also basecalled using Guppy and 

mapped using Minimap2 in Geneious Prime 2021.2 (Kearse et al., 2012). If successful, we 

would expect to see low numbers of modification occurring in the REL606 reads, while the 

PhusionU reads would instead indicate high levels of modification. The calibration files were 

fed to Megalodon using the --mod-calibration-filename command, and the output of modvcf, 
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bedmethyl and wiggle files were indicated using the --mod-output-formats command. 

Modification information was then visualised in Geneious Prime 2021.2 by importing the 

modvcf file onto the REL606 reference sequence (CP000819). 

4.3. Results 

4.3.1 T and U can be differentiated using Nanopore sequencing data 

In order to investigate whether we could see the difference between DNA containing U and T, 

we set out to generate synthetic DNA containing U in place of T that would be able to tell us 

whether it was possible to detect the two using direct comparisons in Tombo. REL606 genomic 

DNA was amplified using the nine primers listed in Table 4.1, with PhusionU polymerase and 

a dNTP mix containing dUTP in place of dTTP. PhusionU polymerase bears a mutation in the 

uracil-binding pocket of the polymerase so that it is able to both incorporate uracil and 

readthrough DNA templates that contain uracil, whereas normal Phusion would stall at these 

positions (Nørholm, 2010). These PCR products were purified, and then used to generate a 

sequencing library for sequencing on the MinION (Oxford Nanopore Technologies). This 

sequencing run produced 2,978,822 reads, with an average length of 1944.6bp. A second 

MinION run also sequenced a REL606 gDNA control to serve as a direct comparison for 

Tombo model_sample_compare methods. This sequencing run produced 516,514 reads with 

an average length of 5654.9bp. Tombo 1.5 was then used to investigate the differences in signal 

between the uracil-containing DNA, and both control data and canonical DNA models using 

both the model_sample_compare and level_sample_compare methods. This revealed that it 

was possible to observe significant differences in signal between the PhusionU PCR products 

and both the control REL606 data and the canonical DNA models (Figure 4.4), and that this 

method gave a base-level indication of modification. Analysis across all nine 8kb PCR products 

using the model_sample_compare method revealed that the fraction of modified positions was 

significantly higher for T than it was for the other three bases in the plus strand. In the minus 

strand we instead saw higher levels of modifications at A. This is due to the reverse 

complement of the minus strand reads being used for mapping, so that A in minus reads on the 

reference is actually a T in the raw read (Figure 4.5). 
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Figure 4.4. Differences in signal observed between T and U using the model_sample_compare method in Tombo. The 

Tombo plot function was used to plot the most significantly modified regions of synthetic phusionU PCR products containing 

U in place of T following detection of modifications using the Tombo detect_modifications command, and are displayed 

relative to their position on the REL606 (CP00819.1) genome that they are mapped to. A) the raw signal for T and U (red 

lines) at multiple positions are different to that seen in the canonical DNA model. B) the raw signal for both of these bases is 

also observed to be different when compared to the control REL606 data (black lines). To prevent overplotting, both A and B 

only have 50 random reads from each sample plotted. Instead, the full dataset is displayed in figure C. C) A density plot of the 

same data shown in B, but with all reads in the dataset included. D-E) Are identical to plots displayed in A-C, but with an 

alternative region in the genome displayed. Like the other figures, D) displays the Phusion U data relative to the canonical 

DNA model, E) shows the data relative to the REL606 control and F) displays the full dataset provided in E as a density plot. 

Also note the shift in signal of positions immediately adjacent to the modified T bases. Modified bases are known to alter the 

raw signal of the sequences surrounding them (Liu et al., 2019a), with bases that have the biggest jump experiencing the 

greatest effect of this (as we have seen for G). This is a characteristic that Tombo uses for the detection of modifications around 

certain motifs with alternative models (github.com/nanoporetech/tombo), but in our case this will likely push up the level of 

modification in bases adjacent to T and serve as noise. 

It was also possible to see differences in the raw signals in the level_sample_compare analysis 

(Figure 4.5C-D). The level_sample_compare method also revealed statistically significant 

modification in T, although this was far less pronounced than what was observed for the 

model_sample_compare method. 
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Figure 4.5. Tombo was able to differentiate T and U in Oxford Nanopore sequencing data using the 

model_sample_compare method. Synthetic uracil-containing PCR products were generated by amplifying 8-kb fragments of 

E. coli REL606 gDNA with Phusion U and a dNTP mix containing U in place of T. The raw signal data was then compared 

to both canonical and control REL606 gDNA data using Tombo via the model_sample_compare and level_sample_compare 

methods. This gives either a fraction of modified reads for each position for model_sample_compare, or an effect size statistic 

for level_sample_compare for each of the plus strand and the minus strand. We have then looked at the data across all positions 

for each bases and have produced box plots that give the median as the middle line as data did not pass normality tests 

(p<0.0001, Shapiro-Wilk test). The first and third quartiles correspond to the edges of the box, while the lines show the range 

of the data. Solid points are outlier data points. For the plus strand we expect T to be modified, and on the minus strand we 

expect A to be modified if the experiment was successful. This is because the mapping step maps the reverse complement of 

the reverse reads to the reference sequence so that the mapped A would then be a T in the original read. A) The model sample 

compare method in Tombo revealed that a significant fraction of positions containing T were modified in the plus strand data 

compared to the other bases (p<0.001, Mann-Whitney for each of A, C and G compared to T). B) A similar pattern was seen 

in the minus strand where a significant proportion of A positions were modified relative to the other bases (p<0.001, Mann-

Whitney for each of C, G and T compared to A). C) The level sample compare method that only compares the reads to the 

canonical DNA model reveals a far lower level of modification for T and higher levels for the other bases. Despite this, there 
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is still a significant difference between the other bases and T in the plus strand (p<0.001, Mann-Whitney for each of A, C and 

G compared to T). D) A similar pattern was seen in the minus strand, with A being considerably different from the other three 

bases (p<0.001, Mann-Whitney for each of C, G and T compared to A). The level sample compare method (C-D) is considered 

to be the less reliable of the two sample comparison methods available in Tombo (github.com/nanoporetech/tombo), and can 

produce high false-positive rates due to the absence of control data. This is likely what we have observed in C-D. Tombo has 

ultimately demonstrated that it is possible to differentiate T and U within nanopore sequencing data, with both control data 

and canonical DNA basecalling models being important to make a proper assessment of modification. However, significant 

noise is still seen within the data, with the other bases showing up to 20% modification using the model_sample_compare 

method. This may be due to bases alongside T also showing considerable modification – sometimes termed the 

“neighbourhood effect” (Liu et al., 2019a), as seen in Figure 4.4.  

4.3.2 Taiyaki-trained basecalling models unsuccessful in indicating levels of replacement 

Now that we have determined that it is possible to see the difference between U and T in DNA 

using Tombo, we next set out to train modified basecalling models that could be used to 

determine the level of U replacement in the evolved U-DNA strains. In order to generate 

basecalling models that could then be used to anchor regions of modification to a genomic 

reference sequence, we initially used the synthetic PhusionU PCR products to train a model 

using all 2,974,822 reads from the PhusionU dataset. The first model trained with the full set 

of reads was able to successfully basecall REL606 genomic and PhusionU reads, but indicated 

100% replacement of T with U in all mapped positions, irrespective of the dataset, and was 

calling positions known to be T in REL606 as 100% modified (Table 4.2). 

Table 4.2. Proportion of modified T positions in samples basecalled with Taiyaki model trained on ~3 million reads 

SAMPLE BASECALLED 
WITH TRAINED MODEL 

PROPORTION OF MODIFIED T 
ACROSS ENTIRE MAPPED SAMPLE 

Phusion U  1.0 +/- 0 (SD) 
REL606 1.0 +/- 0 (SD) 

 

In order to establish whether our results were due to overtraining of the model, training was 

attempted with a smaller subset of the data containing ~1,000 reads of at least 1kb in length. 

To achieve this, a selection of 1,000 reads was extracted from the full dataset that all mapped 

to one of the amplified regions (49,819-57,742bp on the REL606 reference genome). All reads 

below Q12, and between 6-8kb in length were extracted using the BBDuk plugin in Geneious 

Prime 2021.2, and were mapped using minimap2 in Geneious to ensure that we only extracted 

reads that would both map and were of high quality. These 1,000 extracted reads were then fed 

to Taiyaki to train the second model. This model failed to basecall most reads that were inputted 

downstream, and comparisons to canonical basecalling models from Oxford Nanopore, as well 
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as the initial model trained on all of the reads, indicated that this model was calling bases 

considerably differently, causing reads to no longer map (Table 4.3). 

Table 4.3. Percentage of reads successfully basecalled using models trained in Taiyaki 

MODEL FOR 
BASECALLING 

10,000 REL606 
READS MAPPED 
USING MINIMAP2  

% MAPPED 10,000 PHUSIONU 
READS MAPPED 
USING MINIMAP2  

% MAPPED 

Canonical 
Guppy model 

9,927 99.27 4,375 43.75 

Taiyaki 
(trained on 3 
million reads) 

8,718 87.18 8,718 87.18 

Taiyaki 
(trained on 
1,000 reads) 

13 0.13 1,032 10.32 

 

These results indicate that both trained models were not sufficient for basecalling, and were 

therefore not used to basecall the final T35 and T55 U-DNA strains. 

4.3.3 Levels of replacement in T35 and T55 strains seen with Tombo 

While the Taiyaki models were not able to be trained to successfully distinguish between T and 

U, previous results with Tombo indicate that these results should be able to be successfully 

used to detect whether modifications were present in our evolved T35 and T55 

ΔungΔthyAΔtrmA strains. As we know this method is dependent on the quality of the input 

data, it was important to establish whether the DNA extracted from the evolved strains as 

described in 4.2.2 was of high quality. DNA was difficult to extract from these strains, with 

several attempts made at optimising protocols before any DNA was successfully extracted 

(results not shown). Final extracted DNA was run on a 1% agarose gel to visually inspect the 

quality of the extracted material. This revealed that the DNA extracted from T35 and T55 

strains was very degraded (Figure 4.6). Several more attempts were made at DNA extractions 

from these strains, with no improvement on the quality of the material.  
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Figure 4.6. DNA extracted from evolved ΔungΔthyAΔtrmA strains showed considerable degradation. Multiple DNA 

extractions were attempted from the ΔungΔthyAΔtrmA T35 and T55 strains in an attempt to optimise extraction conditions. 

Despite this, considerable degradation was still seen in the samples. A) This was especially seen in DNA extracted from the 

T35 strains, where faint bands were seen for the genomic DNA, with large amounts of degradation visible. B) DNA extracted 

at T55was also heavily degraded. 

To further check the quality of the extracted DNA, we next analysed the extracted DNA with 

the Implen Spectrophotometer. Interestingly, this revealed 260/280 ratios of the T35 and T55 

DNA samples that were more consistent with RNA than DNA (Barbas et al., 2007), with the 

ratios sitting around the score of 2.0 that would be expected of RNA. REL606, by comparison, 

had the expected score of 1.8 consistent with DNA (Table 4.4). 

Table 4.4. Spectrophotometer readings for DNA extracted from evolved strains 

DNA EXTRACTED AT T35 DNA EXTRACTED AT T55 
LINE 260/280 LINE 260/280 
REL606 1.8 REL606 1.81 

T35D 2.1 2.07 T55D 2.1 2.01 

T35D 2.2 2.06 T55D 2.2 2.01 

T35D 2.3 2.05 T55D 2.3 2.02 

T35D 2.4 2.09 T55D 2.4 2.19 

T35D 2.4.4 2.08 T55D 2.4.4 2.00 

T35D 2.5.3 2.04 T55D 2.5.3 2.01 

T35E 3.2.1 2.11  

 

To confirm that these unusual ratios were not the result of RNA contamination, DNA samples 

were next run on the Qubit 4.0 fluorometer (ThermoFisher) with reagents specific for the 

detection of RNA. High sensitivity RNA reagents which can confirm the presence of RNA at 

concentrations as low as 0.25ng/ul were not able to detect any RNA within any of our samples 

(results not shown). 

While the DNA we obtained was considerably degraded for all strains, sequencing was still 

completed as it was expected that DNA extracted from these strains might be lower quality 
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DNA as a result of the loss of thymidylate synthesis and the interruption of DNA synthesis that 

would have resulted. The same samples had also been successfully used for producing the 

Illumina sequencing libraries in Chapter 3. These runs yielded 688,351 reads for the T35 strains 

and 1,664,289 total reads for the T55 strains. The quality of these reads was then determined 

by MinIONQC, revealing that the many reads were not reaching the Q7 threshold for quality. 

For the T35 strains, only 43.2% of the reads reached this threshold, while the sequencing run 

containing the T55 strains had 61.2% of the reads meeting the Q7 threshold. Basecalling was 

then completed using Albacore to proceed with seeing whether it was possible to detect 

modifications. Interestingly, we observed a large proportion of our T35 and T55 reads failing 

to be called by Albacore, compared to the original REL606 control dataset used in 4.3.1. This 

was especially true for the T35 strains, with these results summarised in Table 4.5 below. 

Table 4.5. Proportion of T35 and T55 reads being basecalled by Albacore 

 T35  T55 
STRAIN PASSED 

BASECALLING 
FAILED 
BASECALLING 

FAILED 
(% OF 
TOTAL 
READS) 

STRAIN PASSED 
BASECALLING 

FAILED 
BASECALLING 

FAILED 
(% OF 
TOTAL 
READS) 

2.1 18,613 42,868 69.7 2.1 179,188 42,560 19.2 
2.2 19,988 42,689 68.1 2.2 337,564 47,975 12.4 
2.3 71,388 47,203 39.8 2.3 145,372 42,023 22.4 
2.4 33,241 43,912 56.9 2.4.4 233,691 45,034 16.1 
2.4.4 44,786 43,503 49.3 2.5.3 154,327 44,021 22.2 
2.5.3 164,957 51,490 23.8 3.2.1 344,938 47,596 12.1 
3.2.1 21,636 42,077 66.0  
REL606 
(control) 

569,514 23,060 3.9 

 

We next set out to investigate whether Tombo could be used to detect modifications in the 

reads, despite the issues observed with the data. It was not possible to use the failed reads for 

this step due to the requirement of Tombo to map the basecalled reads to a reference sequence, 

so only the reads that passed the basecalling step were used. A similar method was followed to 

that reported in 4.3.1, where the resquiggle command was used to generate a mapped sample 

containing raw read information that could be used for detecting modifications. This step also 

encountered issues, with many of the reads failing to map for T35 and T55 compared to the 

REL606 control. The results of this step are summarised in Table 5.6- below.  
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Table 5.6. Proportion of reads failing to produce alignments using the Tombo resquiggle command 

T35 T55 
STRAIN FAILED 

(% OF 
TOTAL) 

 FAILED 
(% OF 
TOTAL) 

2.1 98.3 2.1 6 
2.2 70.4 2.2 2.6 
2.3 49.8 2.3 7.5 
2.4 53.8 2.4 2.5 
2.4.4 29.0 2.4.4 3.8 
2.5.3 15.7 2.5.3 2.7 
3.2.1 51.5 
REL606 
(control) 

0.1 

 

The model_sample_compare method in Tombo was finally used to compare the MinION data 

from the evolved T35 and T55 strains to the REL606 control sequencing data. From there, we 

investigated the amount of replacement overall that was seen in the data like we had previously. 

This only revealed low levels of replacement with a median value of up to 11%, although there 

was a considerable amount of noise present in this data (Figure 4.7, 4.8). T was consistently 

more modified than the other three bases in every line at every single time point. T35D 2.1 

failed to produce fraction modified statistics due to the maximum coverage of the reference (4 

reads) falling below the minimum threshold of 5 reads, so we were unable to deduce the level 

of modification in this sample (results not shown). 
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Figure 4.7. Proportion of modified reads for each evolved strain at T35. DNA was extracted from the evolved 

ΔungΔthyAΔtrmA strains at Transfer 35 and was sequenced using a MinION sequencer (Oxford Nanopore Technologies). The 

reads were then run through the model_sample_compare script in Tombo and compared to the wildtype control DNA to 

determine the level of modified DNA in the evolved T35 strains. This revealed only low levels of modification in the strains, 

although many reads failed initial basecalling and resquiggle steps, so these reads only represent a small proportion of each 

sample in many cases (see Table 17). Data is presented as the fraction of modified reads, with box plots that give the median 

as the middle line at each base. The first and third quartiles correspond to the edges of the box, while the lines above that show 

the range of the data. Solid points are outlier data points in each dataset. A) ΔungΔthyAΔtrmA T35D 2.2, plus strand; B) 

ΔungΔthyAΔtrmA T35D 2.2, minus strand; C) ΔungΔthyAΔtrmA T35D 2.3, plus strand; D) ΔungΔthyAΔtrmA T35D 2.3, minus 

strand; E) ΔungΔthyAΔtrmA T35D 2.4, plus strand; F) ΔungΔthyAΔtrmA T35D 2.4, minus strand; G) ΔungΔthyAΔtrmA T35D 

2.4.4, plus strand; H) ΔungΔthyAΔtrmA T35D 2.4.4, minus strand; I) ΔungΔthyAΔtrmA T35D 2.5.3, plus strand; J) 

ΔungΔthyAΔtrmA T35D 2.5.3, minus strand; K) ΔungΔthyAΔtrmA T35E 3.2.1, plus strands; L) ΔungΔthyAΔtrmA T35E 3.2.1, 

minus strand. This data indicates that full replacement of genomic T with may not have been successful, but comparisons to 

existing established techniques such as LCMS will need to be performed to confirm that this is the case. For each line at every 

single time point, T (or A for the minus strand) was significantly different from the other three bases in that sample (p-value 

= < 2.2e-16, Mann-Whitney U in each case). 
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Figure 4.8. Proportion of modified reads for each evolved strain at T55. DNA was extracted from the evolved 

ΔungΔthyAΔtrmA strains at Transfer 55 and was sequenced using a MinION sequencer (Oxford Nanopore Technologies). The 

reads were then run through the model_sample_compare script in Tombo and compared to the wildtype control DNA to 

determine the level of modified DNA in the evolved T35 strains. This revealed only low levels of modification in the strains, 

although a considerable proportion of these reads failed basecalling and resquiggle steps, so these reads may not represent the 

DNA content of the entire sample (see Table 17). Data is presented as the fraction of modified reads, with box plots that give 

the median as the middle line at each base. The first and third quartiles correspond to the edges of the box, while the lines 

above that show the range of the data. Solid points are outlier data points in each dataset. A) ΔungΔthyAΔtrmA T55D 2.1, plus 

strand; B) ΔungΔthyAΔtrmA T55D 2.1, minus strand; C) ΔungΔthyAΔtrmA T55D 2.2, plus strand; D) ΔungΔthyAΔtrmA T55D 

2.2, minus strand; E) ΔungΔthyAΔtrmA T55D 2.3, plus strand; F) ΔungΔthyAΔtrmA T55D 2.3, minus strand; G) 

ΔungΔthyAΔtrmA T55D 2.4, plus strand; H) ΔungΔthyAΔtrmA T55D 2.4, minus strand; I) ΔungΔthyAΔtrmA T55D 2.4.4, plus 

strand; J) ΔungΔthyAΔtrmA T55D 2.4.4, minus strand; K) ΔungΔthyAΔtrmA T55D 2.5.3, plus strand; L) ΔungΔthyAΔtrmA 

T55D 2.5.3, minus strand. This data indicates that full replacement of genomic T with may not have been successful, but 

comparisons to existing established techniques such as LCMS will need to be performed to confirm that this is the case. For 

each line at every single time point, T (or A for the minus strand) was significantly different from the other three bases in that 

sample (p-value = < 2.2e-16, Mann-Whitney U in each case). 

 



Chapter 4 | Detection of Uracil in Genomic DNA 

 144 

To more closely investigate the signal that we were seeing for this data, we then plotted the 

raw reads for the regions with the highest coverage in each sample to investigate the raw signals 

seen in the data for T35 and T55. As all reads were mapped to the REL606 reference sequence, 

the Illumina sequencing data produced in Chapter 2 was used to confirm that deviations in 

signal were not due to mutations. This showed that modifications were being seen at T 

positions, but that these sometimes had low coverage, or were noisy (Figures 4.9, 4.10). 
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Figure 4.9. Differences in signal in T35 strains reveal deviations in signal at T positions. The Tombo plot function was 

used to plot the most significantly modified regions of the evolved ΔungΔthyAΔtrmA T35 strains following the detection of 

modifications using the Tombo detect_modifications command, and are displayed relative to their position on the REL606 

(CP000819.1) genome that they are mapped to. The raw signals compared to the canonical DNA model and the REL606 

control data are presented for each of the seven strains that reached the end of the evolution experiment, and the absence of 

mutations in each location was confirmed by investigation of the Illumina sequencing data from Chapter 3. In each case, 

examples of noise around some T positions is seen, with strain data (red) compared to canonical (left) and the REL606 control 

data (right). A) ΔungΔthyAΔtrmA T35D 2.1- there was little coverage for this strain. Statistical analyses were unable to be 

performed on this strain due to this as it did not meet the minimum coverage requirements. B) ΔungΔthyAΔtrmA T35D 2.2 C) 
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ΔungΔthyAΔtrmA T35D 2.3 D) ΔungΔthyAΔtrmA T35D 2.4 E) ΔungΔthyAΔtrmA T35D 2.4.4 F) ΔungΔthyAΔtrmA T35D 2.5.3 

G) ΔungΔthyAΔtrmA T35E 3.2.1. It is important to note that the failed data mentioned in this chapter is not reflected in these 

plots, so they may not be representative of the dataset as a whole for each strain. 

 

Figure 4.10. Differences in signal in T55 strains reveal deviations in signal at T positions. The Tombo plot function was 

used to plot the most significantly modified regions of the evolved ΔungΔthyAΔtrmA T55 strains following the detection of 

modifications using the Tombo detect_modifications command, and are displayed relative to their position on the REL606 

(CP000819.1) genome that they are mapped to. The raw signals compared to the canonical DNA model and the REL606 

control data are presented for each of the that reached the end of the evolution experiment, and the absence of mutations in 

each location was confirmed by investigation of the Illumina sequencing data from Chapter 3. In each case, examples of noise 

around some T positions is seen, with strain data (red) compared to canonical (left) and the REL606 control data (right). A) 

ΔungΔthyAΔtrmA T55D 2.1 – plots comparing to control samples failed on this strain. B) ΔungΔthyAΔtrmA T55D 2.2 C) 

ΔungΔthyAΔtrmA T55D 2.3 D) ΔungΔthyAΔtrmA T55D 2.4 - plots comparing to control samples failed on this strain E) 

ΔungΔthyAΔtrmA T55D 2.4.4 F) ΔungΔthyAΔtrmA T55D 2.5.3 It is important to note that the failed data mentioned in this 

chapter is not reflected in these plots, so they may not be representative of the dataset as a whole for each strain. 
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4.4. Discussion 

In this chapter we have set out to investigate the feasibility of using Oxford Nanopore 

sequencing as an alternative to existing techniques used for the detection of uracil in DNA.  

A number of tools now exist for the detection of modified bases from nanopore sequencing 

data, but the blackbox nature of some of these tools can make it difficult to apply them to non-

standard scenarios. We have selected to focus on Tombo (Stoiber et al., 2016) due to its ability 

to investigate non-standard modifications, and Taiyaki (github.com/nanoporetech/taiyaki) as it 

allows for the training of alternative basecalling models for any modification from control data. 

We have firstly attempted detection of uracil in control PCR products generated using 

PhusionU polymerase and dUTP in place of dTTP using Tombo. This was successful, and were 

able to distinguish U from T in these PCR products. Following from this, we then set out to 

use these PhusionU PCR products to train an alternative models capable of detecting U. This 

was unsuccessful, and models were not able to make correct calls on control data in model 

calibration steps. Finally, we set out to instead use Tombo to determine the levels of 

modification in our evolved T35 and T55 strains, with this indicating that our levels of 

modification might be low. However, there are some limitations to using Tombo as we have, 

and we will need to compare these results to already-established techniques to confirm that 

they are correct. These results will now be further discussed. 

4.4.1 Tombo is able to differentiate U and T in control data 

This chapter has demonstrated that it is possible to distinguish U and T in control PCR products 

using Tombo, although there appeared to be a considerable amount of noise associated with 

this, especially in the level_sample_compare method. This demonstrates how important having 

both control data as well as canonical basecalling information is, and is consistent with 

Tombo’s claims of this method yielding a far higher error rate 

(https://github.com/nanoporetech/tombo). By comparison, the model_sample_compare 

method revealed ~75%  of reads being modified across the entire dataset for T, although 

modification levels of up to 20% were still seen for the other three bases. Nanopore sequencing 

is known to be noisy relative to other sequencing techniques (Weirather et al., 2017), with a 

number of tools being developed to aid with correction of these errors both during basecalling 

(Chandak et al., 2020; Konishi et al., 2021), as well as downstream of basecalling (Chen et al., 

2021; Wang et al., 2020). As we are working with raw signals, noise in the signals will still be 

present in our data and is likely contributing to the higher-than-expected modification rates in 
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the other bases, as well as the lower rates for T (as we expect there to be 100% replacement for 

T). In addition to this, modifications in nanopore data are known to distort the signal of bases 

adjacent to the modification (Leger et al., 2019). We saw this when investigating the raw signal 

plots for our data and has been termed the “neighbourhood effect” by (Liu et al., 2019a). Tombo 

is able to account for this when the modifications are on a small scale, and even uses this 

neighbourhood effect for some of their own alternative models to investigate modifications 

based on certain motifs (https://github.com/nanoporetech/tombo), but in our PhusionU 

experiment we are likely seeing high levels of modification in the other three bases due to the 

high number of total modifications across the sample as a whole amplifying the 

“neighbourhood" effect. This is something that will likely improve as Oxford Nanopore 

Sequencing technology improves. 

It could also be possible that some of this noise comes from the presence of unknown 

modifications in the REL606 genomic DNA that was used as the control data. While REL606 

is deficient in cytosine methylation, some other form of modification could cause noise at other 

positions in the genome as we used PCR products for the U-containing samples. We could 

easily establish whether this is the case by sequencing standard Phusion PCR products 

containing T. 

Despite these issues, Tombo does report a proportion of modified reads at each position in the 

genome, so could in principle be used for the base-level resolution of modifications that we are 

hoping to achieve. 

4.4.2 Training basecalling models capable of detecting U using Taiyaki was unsuccessful 

Following the successful detection of uracil in our PhusionU PCR products, we next set out to 

train a basecalling model that could be used for the identification of uracil in our evolved T35 

and T55 strains. To do this we attempted training of two different models, one that was training 

using all the reads in the PhusionU dataset, and a second that only utilised a small subset of 

1,000 reads. The Taiyaki basecalling models were not able to successfully call reads, with the 

first model we trained calling modifications at every single position in the genome, even in 

control REL606 reads that should not have been modified at all. To establish whether this was 

due to overtraining (as training datasets normally only have a small number of modifications) 

we instead switched to training with 1,000 reads from one of the 8kb positions. This second 

trained model was not capable of being used for basecalling, with reads called unable to be 

mapped to reference genomes and looking considerably different from those reads that had 
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been called with either canonical DNA basecalling models provided by Oxford Nanopore, or 

the first model that had been trained on the entire dataset. As this is the first known example of 

this technology being used at such a high scale (we expect up to ~1/4 of the genome to have 

replacement), there will likely be a lot of tweaking required before we are able to produce a 

model that could be consistently used. It could be possible that the models trained in this 

chapter are improved by training with smaller amounts of U in our training material, so that we 

are not introducing too much noise into our dataset overall. However, this will likely require a 

significant rework of our experimental design, and will be discussed further in Chapter 7. 

4.4.3 Tombo detected low levels of U in our evolved T35 and T55 lines 

As Tombo provided the most promising results when using our control data, we used this tool 

to compare the evolved ΔungΔthyAΔtrmA strains to the same REL606 control data that was 

used in the initial experiments with PhusionU. Tombo results from the evolved strains indicate 

that we may only have small levels of replacement with a median of ~11% for T, although 

similar levels of replacement were also seen in the other three bases. Based on known 

information about E. coli modifications, with modifications only occurring to cytosine and 

adenine (Beaulaurier et al., 2018), and with our REL606 starting strain being deficient in 

cytosine methylation (Jeong et al., 2009), it is likely that the modifications we are seeing to A, 

G and C bases are instead false positives, and that the error rate is considerably high, as we saw 

with our control Phusion U data. 

Based on the Tombo results, the level of T modification is lower than what we would have 

expected in the context of our experiment, but there are several key reasons why this seems 

unlikely. Firstly, we have knocked out thymidylate biosynthesis: the key source of genomic T 

in a background where other sources T should be minimal (deficient in cytosine deamination 

and also knock-out of trmA). In addition to this, spectrophotometer data gave 260/280 ratios 

more consistent with RNA than DNA, despite there being no contaminating RNA present in 

the samples. It is more likely that we instead have encountered issues with sample quality, 

resulting in low-quality data being outputted from our sequencing run. Extracting DNA from 

these strains was difficult, with DNA extractions being degraded, or degrading fast after 

extractions were completed. It is likely that we will need to further optimise DNA extraction 

protocols for these strains, and ensure that we perform sequencing quickly after extraction to 

ensure that DNA does not have time to degrade, and is of the best quality so that the data 

produced is also of high quality. It could be possible that the kits we have used so far are not 
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optimal for extracting DNA from strains that potentially have high levels of genomic U. Many 

kits provide little information about what is contained in individual components, so we may 

have to instead explore use of more manual methods such as phenol:chloroform extractions in 

otimising these protocols.  

We lost large amounts of data for both datasets at several key steps in the analysis pathway, 

particularly at basecalling and during the resquiggle steps where a large proportion of the reads 

were unable to be aligned to the reference sequence. In addition to this, large numbers of our 

reads fell below the Q7 threshold for Oxford Nanopore data, so were likely not optimal for data 

analysis. By comparison, our PhusionU dataset was of far higher quality, with the majority of 

the reads passing the Q7 quality threshold. This may explain why we have seen such a high 

signal for U in our PhusionU data while we have not seen the same occurring in our evolved 

T55 strains. 

It could also be possible that if our reads did contain more uracil than what we saw, then this 

information could be contained within the failed data that was filtered out of the final dataset 

at basecalling and alignment steps due to the lower quality of these reads. As these reads are 

unable to be used in Tombo, this will likely require closer investigation using tools such as 

SquiggleKit (Ferguson and Smith, 2019) which will allow us to pull out the raw read 

information from the failed reads for closer investigation. However, this tool does not allow us 

to see this read information relative to basecalling information for these failed reads, so we 

may need to develop a tool that does allow us to do this. Understanding what information is 

contained within these failed reads may help to explain why the levels of modification we saw 

were so low when they were expected to be far higher. It is also important that we compare this 

data to already-established techniques such as LCMS (el-Hajj et al., 1992; Marlière et al., 2011; 

Mehta et al., 2016a) so that we have a true representation of how well this technique is working 

before definitively knowing the feasibility of using nanopore sequencing data in combination 

with tools such as Tombo. We have been working towards obtaining LCMS data from these 

strains with collaborators in Professor Jun Ogawa’s lab at the University of Kyoto, Japan so 

that we can gain an idea of the levels of replacement that are seen with an already-established 

technique, and are currently awaiting these results. 

4.4.4 Limitations of Tombo 

While Tombo has been successfully applied to the detection of uracil in our control data, there 

are a number of potential limitations associated with using this as we have on the data from the 
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evolved T35 and T55 lines. First, all samples need to be mapped to the same reference sequence 

as the control data during the resquiggle so that they are able to be compared downstream. Our 

evolved strains were considerably different from the original ancestor, but still similar enough 

that they would map to the ancestral genome. All T35 and T55 lines were mapped to the 

REL606 reference sequence, but this means that any mutations in the strains would be counted 

in the total as modified bases. While this would be expected to only be a small proportion of 

the total genome (i.e. the largest number of mutations that we observed in one of the evolved 

U-DNA strains was 139 which accounts for only ~0.003% of the total genome), it would be 

cleaner to have a method that is capable of taking those mutations into account, especially if 

we intend to undertake further evolution experiments with these strains, where the 

accumulation of further mutations would be expected. Training alternative basecalling models 

does allow for this, but as we have seen in the case of Taiyaki, this method will likely require 

a lot of work before it can be used successfully. Tombo does provide a promising alternative 

to model training tools, as we are able to take the data it produces and further analyse it in a 

way that allows for base-level resolution. From there, we could then develop a tool that does 

account for these mutations and removes them from the total number of mutations.  

Another limitation of using Tombo instead of tools that allow us to train our own basecalling 

model is that Tombo is not detecting U specifically. This method detects variations in expected 

signal at each mapped position across the genome (Stoiber et al., 2016), meaning that it is not 

telling us that a modified T position is U, merely that the signal at this position deviates from 

what is seen between the canonical and control data. Training an alternative basecalling model 

has the benefit of training specifically for a modification by providing a ground truth for that 

modification so the model knows that this is what to expect when encountering that 

modification in other datasets. 

Tombo also relies on the production of alignments to a reference sequence from already-

basecalled reads to work, giving another limitation. If the signal of the raw reads for U deviates 

enough that the read is no longer called as a T, and this happens across a number of regions 

where U would be expected, then methods like Tombo that require a mapping step might fail, 

resulting in an under-representation of modifications in the reported results. This could 

especially be the case at transfer 35, as large numbers of reads for those samples did not align. 

By comparison, the T55 strains had upwards of 90% of reads aligning. This indicates that we 

can likely be more confident in the results seen for the T55 lines than T35. Tools such as 

Taiyaki that involve a model-training step are able to bypass issues arising from reads 
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potentially not mapping, as the modifications are called on the individual reads during the 

basecalling step. If we are able to eventually train a model that is able to confidently call these 

modifications, then this would bypass the potential issue we might be seeing with Tombo. 

One advantage with Tombo is that it is not as computationally expensive as training basecalling 

models using Taiyaki. Tombo can be run on a standard computer, in roughly a day once the 

basecalling of the data is completed using either Albacore or Guppy. By comparison, training 

a model in Taiyaki required an incredible amount of computational power, and it took up to six 

months to train each of the models used in this chapter on a standard 16GB laptop with CPU 

processing. While the ultimate intention is that these models are only trained once in Taiyaki, 

and can then be used in a standard basecalling operation using Megalodon, and the Guppy or 

Taiyaki backends for basecalling any dataset, if model training does not work, large amounts 

of time can be lost to model training. As nanopore sequencing is still a rapidly developing 

technology, error rates, chemistry and technology are likely to continue improving. It could be 

possible that if we were to repeat these experiments with improved technology that the training 

data would be far better quality, and that we might be successful in training a basecalling model 

that we are able to use on any future strains. 

4.4.5 Why would we not have seen replacement with U?  

If the result from Tombo turns out to be correct, and our lines do have substantial levels of 

genomic T, then we would need to understand where this is being sourced from. A key source 

of T could be from the deamination of methylcytosine (5mC), and as up to ~1.5% of cytosine 

in the E. coli genome is methylated (Kahramanoglou et al., 2012), this could serve as a modest 

source of T. However, we specifically opted for a strain of E. coli that is deficient in genomic 

cytosine methylation (dcm-), so this is not the source in our experiment, In addition to this, 

experiments investigating cytosine methylation in knock-outs of dcm in E. coli revealed that 

levels were below levels of detection (0.01%) by HPLC MS/MS (Militello et al., 2012), so it 

is unlikely that the evolved T35 and T55 strains are sourcing a considerable amount of T from 

deamination of 5mC.  

Thymidylate synthesis (thyA) was knocked out in our strains, so levels of T should have already 

been low in these strains in the absence of dT supplementation, as is consistent with other 

experiments where this gene has been knocked out (Marlière et al., 2011; Mehta et al., 2016a). 

In addition to this, we also knocked out the key tRNA m5U54-methyltransferase (trmA) known 

to contribute to T in knock-outs of thymidylate synthase (Marlière et al., 2011; Rao and 
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Kuzminov, 2019). Marlière et al. (2011) hypothesised that there might still be other 

methyltransferases modifying uracil to ribothymidine that could be a source of T in the genome 

in the absence of thymidylate synthesis. As other known methyltransferases are not known to 

contribute large amounts of T to the genome normally (Rao and Kuzminov, 2019) (as discussed 

in Chapter 1), we might expect to have seen mutations to these genes (or their promoter regions) 

in our evolved strains that could have increased their expression or activity. Strains T55D 2.1 

and 2.4 carried mutations to rlmE, responsible for the methylation of uridine at position 2552 

in 23S rRNA, although this transfers the methyl group to the 2'-O position of the ribose, as 

opposed to the 5' position that could serve as a source T. In addition to this, T55D 2.1 has a 

mutation to rsmB, a methyltransferase responsible for the methylation of cytosine at position 

967 of 16S rRNA to produce 5-methylcytosine. Through deamination of 5-methylcytosine, this 

could serve as a source of T. If mutations to rsmB increase the activity of this enzyme 

substantially, then it could serve as a source of T. However, we have consistently seen low 

levels of U across our strains despite only seeing the rsmB change in one strain, so it is unlikely 

that these mutations are solely responsible. In addition to this, if we consider this as being a 

primary source of T it is hard to imagine how enough T could be produced to maintain cell 

replication consistently. If there were one or 2 mutations per rRNA to 5-methylcytosine, we 

would need to generate >2 million T bases (4.6M bases x 2 strands) per round of replication. 

This is a large amount of rRNA being recycled for a single round of replication. The mutations 

could instead be generating a change in substrate that could expand the number of sites that are 

modified, but even then, this activity would have to be very substantial to compensate for the 

amount of T that would be needed to maintain the cell. 

 It could also be possible that another, currently unknown, methyltransferase is producing 

ribothymidine that could be utilised by recycling pathways. If this was an alternative 

methyltransferase (or another enzyme entirely), then it is possible that this could be 

overexpressed, and a method such as RNA-seq to study the expression levels in the 

transcriptome of these strains might help elucidate the source of T. 

 

4.5.  Summary 

The detection of modified bases from nanopore sequencing data is still relatively new 

technique, and up to this point this method has been used more for the detection of small-scale 
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genome modifications such as 5-methylcytosine (Simpson et al., 2017) and N6-methyladenine 

(McIntyre et al., 2019) in DNA, as well as the detection of pseudouridine (Ψ) and inosine in 

RNA (Ramasamy et al., 2021) and Ψ in the SARS-CoV-2 genome (Fleming et al., 2021). In 

all these cases, the modifications only make up a very small proportion of the genome. 

Fundamentally it should be possible to apply this technique at a larger scale, and we have been 

able to observe modifications in our own control data with large-scale replacement of T with 

U, albeit with a considerable amount of noise. Tombo has clearly demonstrated that at least 

some proportion of the reads from our T35 and T55 strains still contain T and are not modified, 

indicating that we have not achieved complete replacement of T and U. However, it could also 

be possible that the large number of failed reads that we have seen at each step might shed 

some light on why we have seen this result. Further results from LCMS analyses, as well as 

techniques that allow us to more closely investigate the Oxford Nanopore sequencing dataset 

as a whole will allow us to truly elucidate what is going on these strains. While Oxford 

Nanopore sequencing data has not given a definitive result in this case, it does provide a useful 

tool to use in collaboration with other existing methods of uracil detection.
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Chapter 5. Characterisation and evolution of ribonucleotide 
reductase knock-out strains 

5.1. Introduction 

As explained in Chapter 1, the precursors of DNA building blocks in modern DNA are 

produced from their RNA constituents through a process called ribonucleotide reduction. This 

pathway is ubiquitous in extant organisms (Lundin et al., 2009, 2010, 2015), and is chemically 

complex, involving free radical chemistry(Sahlin and Sjöberg, 2000). This would have been 

beyond the ability of early RNA-based enzymes, and would have required an advanced level 

of genetic coding to produce such complex catalysts (Poole et al., 2000), suggesting that 

ribonucleotide reduction, and thus modern DNA, emerged after both RNA and protein 

synthesis (Poole et al., 2000, 2014).  

However, (Poole, 2011; Poole et al., 2014) hypothesised that DNA may have instead evolved 

by a chemically simpler pathway, one that does not require such free radical chemistry. 

Ribonucleotide reduction has been difficult to place in the last universal common ancestor 

(LUCA) and instead seems to be a mobile trait (Lundin et al., 2010), allowing room for 

speculation about when exactly DNA emerged (Poole and Logan, 2005), and whether 

ribonucleotide reduction could have evolved after the emergence of a simpler route to DNA. 

While ribonucleotide reduction is now ubiquitous in modern cells, with the exception of some 

obligate parasites who scavenge nucleotides from their host (Lundin et al., 2010), this does not 

exclude the idea that DNA building blocks could have been produced by an alternative route 

at some point during evolution. Looking at the biochemical pathways used for modern DNA 

metabolism, a chemically simpler route to DNA that does not require free radical chemistry 

exists (Poole et al., 2014).  

Deoxyriboaldolase, or DERA, is an enzyme that takes deoxyribose-5-phosphate and generates 

glyceraldehyde-3-phosphate and acetlyaldehyde (Groth and Jiang, 1966; Racker, 1951, 1952) 

(Figure 5.1). This plays an important part in nucleotide salvage, where deoxyribonucleotides 

can be utilised as a carbon source (Lomax and Greenberg, 1968). However, the action of this 

enzyme is reversible, and a number of in vitro experiments have shown that it is possible to 
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instead produce deoxyribose-5-phosphate from the products of glycolysis (Horinouchi et al., 

2003, 2006a, 2006b; Racker, 1951, 1952; Sakuraba et al., 2007). In addition, this pathway was 

discovered prior to ribonucleotide reductase enzymes and was initially believed to be the 

pathway responsible for the production of deoxyribonucleosides (Racker, 1951, 1952). 

The reversible activities of phosphopentomutase, phosphorylase and deoxynucleotide kinase 

enzymes (Horinouchi et al., 2006c, 2006b) all then pave a path towards the production of 

deoxyribonucleotides from glyceraldehyde-3-phosphate and acetylaldehyde, so that DNA 

building blocks could be synthesised independently of ribonucleotide reduction (Poole et al., 

2014) (Figure 5.1). This in turn means that DNA synthesis could have emerged earlier in 

evolution through this alternative pathway, and that ribonucleotide reduction instead came later 

and replaced this chemically simpler route.  

 

Figure 5.1. Deoxyribonucleotides can be produced from glyeraldehyde-3-phosphate and acetylaldehyde through a 

series of reactions involving deoxyriboaldolase, phosphopentomutase, phosphorylase enzymes and deoxynucleotide 

kinases (Racker, 1951, 1952). While this pathway primarily works in the salvage direction in modern cells resulting in the 

breakdown of deoxyribonucleotides into a usable carbon source, each of these reactions has been shown to be reversible 

(Barbas et al., 1990; Gijsen and Wong, 1994; Horinouchi et al., 2003, 2006a, 2006b; Sakuraba et al., 2007), meaning that it is 

theoretically possible for this reaction to proceed in the direction of synthesis, with deoxyribonucleotides being produced from 

the products of glycolysis. Figure modified from Poole et al. (2001). 

The following chapters in this thesis will shift the focus to ribonucleotide reduction, and 

whether DNA building blocks can be produced through the DERA pathway in modern cells. 

A previous student in our lab, Nellie Sibaeva, sought to generate a strain of E. coli devoid in 

any ribonucleotide reductase activity so that any deoxyribonucleotide synthesis in these cells 

would instead have to proceed through an alternative pathway. This was achieved through 

scarless knock-out of the three RNR operons in E. coli: nrdAB, nrdDG and nrdHIEF (Figure 

5.2, Table 5.1) (Fehér et al., 2008) in a REL606 strain of E. coli harbouring a pBAD33 plasmid 

containing a deoxyadenosine kinase gene from Mycoplasma mycoides, although little 
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characterization of this strain had been completed to confirm the successful production of this 

knock-out. This thesis now aims to continue work on these strains, and answer two key 

questions: 

1. Can we eliminate ribonucleotide reduction (RNR)? 

2. Can we engineer the DERA pathway to operate in the reverse direction? 

Generating a RNR knock-out strain is key to testing the hypothesis proposed by Poole et al. 

(2014), by creating a foundation under which the strain will need to synthesise 

deoxyribonucleosides via an alternative pathway. In this chapter we have confirmed the 

successful knock-out of all ribonucleotide reductase genes in these strains through use of RT-

PCR, whole genome sequencing and a series of growth experiments performed in different 

conditions. These experiments revealed a dependency on exogenously-supplied dC in the 

media, so we next engineered a pathway in the RNR knock-out strain to allow synthesis of dNS 

via the reverse DERA pathway. This did not immediately complement the reliance on dC in 

media, so we then performed an evolution experiment to slowly remove this dependence. While 

we were able to decrease the amounts of dNS supplementation required dramatically, we were 

not able to eliminate all dNS supplementation. These experimental results cast some doubt on 

the hypothesis proposed by Poole et al. (2014). 

 

Figure 5.2. Three nrd operons are present in E. coli. A) The nrdAB operon contains the two key Class Ia ribonucleotide 

reductase genes in E. coli, nrdA and nrdB. B) The second nrd operon in REL606 contains the nrdD and nrdG genes. nrdD is 

an anaerobic class III ribonucleotide reductase, while nrdG is an activating protein. C) the final nrd operon in REL606 contains 

the nrdH, nrdI, nrdE and nrdF regions. nrdE and nrdG form the two subunits of the class Ib ribonucleotide reductase enzyme, 
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while nrdH is involved in electron transport and nrdI’s exact function is unknown. Regions knocked out by a previous student 

in our lab are indicated by gray boxes. 

Table 5.1. ribonucleotide reductase genes present in Escherichia coli REL606 

GENE PRODUCT/FUNCTION CLASS 
nrdA Ribonucleoside-diphosphate reductase 1 subunit alpha Class Ia 
nrdB Ribonucleoside-diphosphate reductase 1 subunit beta Class Ia 
nrdD Anaerobic ribonucleoside-triphosphate reductase Class III 
nrdG Anaerobic ribonucleoside-triphosphate reductase-

activating protein 
 

nrdH Electron transport system for the ribonucleotide 
reductase system NrdEF 

 

nrdI Likely involved in ribonucleotide reductase function  
nrdE Ribonucleoside-diphosphate reductase 2 subunit alpha Class Ib 
nrdF Ribonucleoside-diphosphate reductase 2 subunit beta Class Ib 

 

5.2. Methods 

5.2.1  Strains and media 

Escherichia coli strain B REL606 ΔRNR (Genotype: F-, tsx-467(Am), araA230, lon-, 

rpsL227(strR), hsdR-, [mal+](LamS), nrdAB-, nrdDG-, nrdHIEF-) was used for all 

experiments in this chapter. ΔRNR is identical to REL606 with the exception of knock-outs of 

the nrdAB, nrdDG and nrdHIEF ribonucleotide reductases (ΔRNR) completed by Nellie 

Sibaeva using a scarless genome engineering approach (Fehér et al., 2008) in the presence of 

the pBAD33::mm-dAK plasmid. Where specified, the REL606 ancestor was used as a control 

for growth and evolution experiments. All strains were grown at 37°C. Additional strains used 

in this chapter derived from ΔRNR were generated as later described. A summary of key strains 

used in this chapter is given below in Table 5.2. 

Table 5.2. Key strains used in this chapter 

STRAIN FULL STRAIN NAME  EXPRESSING PLASMIDS 
ΔRNR ΔRNR + pBAD::mm-dAK Mycoplasma mycoides deoxyadenosine kinase 

(dAK) 
pBAD33 

DgPnp ΔRNR + pBAD::mm-dAK + 
pCOLA::mm-dAK, DgPnp 
+ pMAL::zm-pdc 

Mycoplasma mycoides deoxyadenosine kinase, 
Deinococcus geothermalis purine nucleoside 
phosphorylase (DgPnp), Zymomonas mobilis 
pyruvate decarboxylase (zm-pdc) 

pBAD33, 
pCOLADuet1, 
pMAL-C4X 
 

AbPpnp ΔRNR + pBAD::mm-dAK + 
pCOLA::mm-dAK, AbPpnp 
+ pMAL::zm-pdc 

Mycoplasma mycoides deoxyadenosine kinase, 
Acenitobacter baylyi Pyrimidine/purine 
nucleoside phosphorylase (AbPpnp), 
Zymomonas mobilis pyruvate decarboxylase 
(zm-pdc) 

pBAD33, 
pCOLADuet1, 
pMAL-C4X 

EcPnp ΔRNR + pBAD::mm-dAK + 
pCOLA::mm-dAK, EcPnp + 
pMAL::zm-pdc 

Mycoplasma mycoides deoxyadenosine kinase, 
Escherichia coli purine nucleoside 

pBAD33, 
pCOLADuet1, 
pMAL-C4X 



Chapter 5 | Characterisation and evolution of ribonucleotide reductase knock-out strains 

 159 

phosphorylase (EcPnp), Zymomonas mobilis 
pyruvate decarboxylase (zm-pdc) 

 

Media used for these experiments was a modified EZ rich media (Neidhardt et al., 1974), 

supplemented with 20g/L (EZ20000) dextrose. LB was also used as specified (Oxoid). To make 

solid media, bacteriological agar was added to a concentration of 1.5% w/v (Oxoid). The 

following antibiotics were also used as specified at the following concentrations: streptomycin, 

100μg/ml; ampicillin, 100μg/mL; kanamycin, 20μg/mL; chloramphenicol, 20μg/mL. 

Deoxycytidine, deoxyguanidine, deoxyadenosine, deoxyuridine, deoxyribose, cytosine, 

adenine, guanine and uracil (Carbosynth) were also added to media as specified at varying 

concentrations. Where all four deoxyribonucleosides (dA, dG, dC and dU) were provided in 

the media, it will be referred to henceforth as dNS, while all four ribonucleosides will be termed 

rNS. A detailed description of how the EZ rich media was made for these experiments is 

provided in Appendix 4. 

5.2.2 RT-PCR of ribonucleotide reductase genes 

RNA was extracted from REL606 and ΔRNR using a Saccharomyces cerevisiae RNA 

extraction protocol (Schmitt et al., 1990). Strains were grown in EZ rich media containing 

streptomycin and chloramphenicol to an OD of ~0.6-0.8. Cells were pelleted and cleaned using 

15% glycerol. The cell pellet was then resuspended in 1 volume of AE buffer (50mM sodium 

acetate and 10mM EDTA, pH 5.3). 0.1 volume of 10% SDS was added and the samples were 

vortexed for 5 minutes. 1 volume of phenol equilibrated in AE buffer was added to the samples, 

and the samples were vortexed and placed at 65°C for 4 minutes. Tubes were immediately 

transferred to -80°C until phenol crystals appeared (~2 minutes), and were then spun for 2 

minutes at max speed (~12,000 rpm). The aqueous phase was transferred to a fresh tube 

containing 1 volume of phenol:chloroform:IAA (25:24:1), and was vortexed for ten seconds 

every minute, for a total of 5 minutes. Tubes were spun down once again, the aqueous phase 

was transferred to a new tube and 0.1 volume 3M NaAc pH5.3 was added. Tubes were inverted 

to mix, and 2.5 volume of 100% absolute ethanol was added prior to freezing the tubes at -

20°C overnight. The tubes were spun at max speed for 30 minutes (4°C) to precipitate the RNA, 

and the pellet was washed twice in 70% absolute ethanol prior to being resuspended in nuclease 

free water. The quality and quantity of extracted RNA was confirmed by nanophotometer 

(Implen) and gel electrophoresis. RNA was diluted to 200ng/µl and was RNase treated using 

the TURBO DNA-free™ Kit (Thermo Scientific), as per the manufacture’s specifications. A 
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combined cDNA synthesis and RT-PCR was then performed using the SuperScript® III one-

step RT-PCR system with platinum® taq DNA polymerase (Thermo Scientific). This involved 

an initial cDNA synthesis step at 55°C for 35 minutes, followed immediately by a 40-cycle 

PCR using internal primers for nrdA, nrdB, nrdD, nrdG, nrdH, nrdI, nrdE, nrdF, as well as 

internal primers for gstA, a housekeeping gene serving as a positive control (Table 21). A 

control for the cDNA synthesis was also included by omitting the cDNA synthesis step entirely 

while still maintaining the subsequent PCR. This should confirm the absence of contaminating 

DNA from our samples. 

5.2.3 Whole genome sequencing of ΔRNR strains  

ΔRNR was streaked to single colonies on LB agar containing streptomycin, chloramphenicol 

and 1mM dNS and was grown at 37°C for 24 hours. A single colony was used to inoculate LB 

media supplemented with streptomycin chloramphenicol and 1mM dNS, and was grown at 

37°C overnight. DNA was extracted from this overnight culture using the Wizard® Genomic 

DNA Purification Kit (Promega), following the manufacturer’s specifications. DNA was 

quantified using the Implen Spectrophotometer and the Qubit 4.0 Fluorometer. 

Sequencing libraries were constructed using the Biooscientific NEXTflex Rapid XP DNA-seq 

kit (Perkin Elmer). DNA was fragmented to ~250bp by enzymatic fragmentation, size selected 

for a 250bp insert size and amplified using 2 PCR cycles. Library size was confirmed using 

DNA High Sensitivity reagents on the Bioanalyzer (Agilent). This library was pooled with the 

strains sequenced in Chapter 6 to a 3nM equimolar concentration and this pool was sequenced 

on an Illumina HiSeq (Novogene), on a 2x 150bp PE (300 cycle) run. 

Raw reads were processed in Geneious Prime 2021.2 (Kearse et al., 2012), trimming low-

quality sequences (Q20) using the BBDuk plug-in (Bushnell et al., 2017). All reads below 

100bp in length were also discarded. Reads were merged using BBMerge (Bushnell et al., 

2017), specifying a normal merge rate. Trimmed reads were mapped to the REL606 reference 

genomes (accession #NC_012697) using the Bowtie2 plug-in for Geneious Prime (Langmead 

and Salzberg, 2012) with the highest sensitivity setting, and were also mapped to the extracted 

nrdAB, nrdDG and nrdHIEF sequences to confirm loss of the ribonucleotide reductase genes. 
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5.2.4 Cell Microscopy  

Cell morphology was investigated firstly by brightfield microscopy. Overnight cultures of 

REL606 and ΔRNR were grown in EZ rich media with extra supplements as described in 

appendix 4, 2% glucose, streptomycin, and either 10µM (low) or 1mM (high) dNS overnight 

at 37°C. Chloramphenicol was added for ΔRNR cultures. All cultures were spun down and 

resuspended in 1 x PBS, then diluted 1000-fold in 1 x PBS. 10µl of each diluted culture was 

aliquoted onto a microscope slide, a coverslip was placed on top and strains were visualised on 

a Leica ICC50 W microscope with a 100x oil objective lens. Cell length was counted where 

appropriate from obtained photos using the ImageJ software. 

To visualise DNA in the same strains, we next used a modified version of a FITC/DRAQ-5 

double-staining protocol (Silva et al., 2010), where DAPI was used in place of DRAQ-5. 

Coverslips were coated in poly-D-lysine and placed at 37°C overnight. Coverslips were then 

washed twice with water, dried and stored at 4°C until ready for use. REL606 and ΔRNR 

overnight cultures were grown in the same media used for the brightfield microscopy above. 

Strains were washed in 1 x PBS, then resuspended cells were placed on the poly-D-lysine 

coated coverslip and placed at 37°C for 1 hour. Cells were washed with PBS, and fixed using 

4% paraformaldehyde at room temperature for 10 minutes. Coverslips were washed with 1 x 

PBS, followed by 1% triton X-100 for 5 minutes. Following a further wash with 1 x PBS, 

coverslips were then incubated in 1 x PBS containing 6µg/mL FITC for 30 minutes at 37°C. 

The coverslips were washed again with 1 x PBS, then suspended in 1 x PBS containing 5µg/mL 

DAPI and placed in the dark for 10 minutes. Coverslips were finally washed twice more in 1 x 

PBS, then were mounted on microscope slides. Strains were visualised on a Nikon Ni-E 

Fluorescence microscope using fluorescent filter cubes for DAPI and FITC, and a 100x oil 

objective lens. Images were overlayed using the Nikon nis Elements software. 

5.2.5 Growth characterisation of ΔRNR 

Cultures of REL606 and ∆RNR were grown overnight from glycerol stocks at 37°C in the EZ 

rich media listed in Appendix 4 with streptomycin and chloramphenicol (for ∆RNR), 2% 

glucose and one of the conditions listed below: 

1. No dNS (dA, dG, dC, dU) /rNS (A, G, C, U) supplementation 

2. 1mM dNS  
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3. 4mM dR, 1mM A, G, C and U 

4. 1mM dC, 3mM dR, 1mM A, G and U 

5. 1mM dR, C, dA, dG and dU 

6. 1mM dA, dG and dU 

7. 1mM dC 

1:100 dilutions of these cultures were made into fresh media containing the same conditions 

and the strains were grown for 44 hours with shaking at 37°C in the FLUOstar OMEGA plate 

reader (BMG Labtech). OD595 measurements were taken once every six minutes during this 

time. Three replicates were performed for each strain. 

5.2.6 Engineering of the reverse DERA pathway in E. coli 

The nucleotide synthesis pathway in E. coli was extensively investigated using the KEGG 

pathway database (Kanehisa and Goto, 2000), identifying a number of enzymatic steps that 

might have been preventing usage of the DERA pathway in the ∆RNR knock-out strains. The 

deoxyadenosyl kinase gene from Mycoplasma mycoides (mm-dAK) (Wang et al., 2001), the 

pyrimidine/purine nucleoside phosphorylase gene from Acinetobacter baylyi (AbPpnp) 

(UniProt accession: Q6FF51, PDB:3HQX), the purine nucleoside phosphorylase gene from 

Deinococcus geothermalis (DgPnp) (Zhou et al., 2013) and a modified Escherichia coli purine 

nucleoside phosphorylase gene (EcPnp) (Abe et al., 2002) were all synthesised by GenScript. 

Codon optimisation of the M. mycoides, A. baylyi and D. geothermalis genes was performed 

for expression in E. coli prior to synthesis using the online codon optimisation tool provided 

by GenScript (Koblan et al., 2018). Synthesised genes were cloned into the pCOLADuet-1 dual 

expression vector (GenScript), with mm-dAK being cloned into the first multiple cloning site 

(MCS) using the NcoI and NotI sites to exclude the N-terminal His-tag. DgPnp, AbPpnp and 

EcPnp were cloned into the second MCS to create three separate constructs via the NdeI and 

BlpI sites to exclude the C-terminal S-tag commonly used for protein expression, as this was 

not required for our experiments. This yielded three expression vectors: the first expressing 

mm-dAK and DgPnp, the second mm-dAK and AbPpnp, and the third expressing mm-dAK 

and EcPnp. The sequences of all pCOLADuet-1-based vectors was confirmed by Sanger 

sequencing using the pET-seqF primer for mm-dAK, and the PCOLADuet1 MCS2 R primers 
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(Table 5.4). The synthesised sequences are provided in Appendices 5-8. A summary of all 

plasmids constructed for use in this chapter is provided in Table 5.3 and in Figure 5.3. 

The pyruvate decarboxylase gene from Zymomonas mobilis (Bräu and Sahm, 1986) was 

originally obtained from our collaborator Jun Ogawa at the University of Kyoto. This was 

subsequently codon optimised for expression in E. coli using the Genscript online codon 

optimisation tool and was synthesised by Genscript. The synthesised gene was cloned into 

pMAL-c4x via the NdeI and EcoRI sites to exclude the maltose binding protein that was not 

required for these experiments. This created a vector where the zm-pdc gene is induced under 

IPTG induction. The synthesised sequence is provided in Appendix 9. 

ΔRNR was grown overnight at 37°C in LB media containing streptomycin, chloramphenicol 

and 100µM dNS supplementation. A fresh 1:100 dilution of the overnight culture was made 

into the same media and was grown until an OD~0.6-0.8. The culture was spun down at 

4,000rpm for 10 minutes (4°C), and was then washed twice in 10% glycerol. Cells were 

resuspended in 10% glycerol and aliquots were made into electroporation cuvettes (BioRad). 

3µl of either pCOLADuet::mm-dAK, DgPnp, pCOLADuet::mm-dAK, AbPpnp or 

pCOLA::mm-dAK, EcPnp and 3µl of pMAL::zm-pdc (Figure 5.3) were added to the cells and 

the cuvettes were electroporated at 2.5kv for 5ms. Electroporated cells were recovered for 1 

hour in SOC media and were plated overnight at 37°C on LB agar supplemented with 

streptomycin, kanamycin, ampicillin, chloramphenicol and 100µM dNS. Colonies were 

restreaked onto the same media and grown overnight at 37°C. Successful transformants were 

confirmed by PCR with the KAPA2G Robust HotStart ReadyMix PCR Kit (KAPA 

Biosystems) and the pCOLADuet MCS1 F and pCOLADuet MCS2 R primers (Table 5.4), and 

the M13 F and R primers (for pMAL-c4x).  

Table 5.3. Plasmids used in this chapter 

PLASMID ORIGIN RESISTANCE EXPRESSING INDUCED BY SOURCE 
pBAD33::mm-
dAK 

P15A chloramphenicol mm-dAK IPTG or  
arabinose 

Nellie Sibaeva 

pCOLADuet::mm-
dAK, DgPnp 

colA kanamycin mm-dAK, 
DgPnp 

Constitutive 
expression 

This study; Genscript 

pCOLADuet::mm-
dAK, AbPpnp 

colA kanamycin mm-dAK, 
AbPpnp 

Constitutive 
expression 

This study; Genscript 

pCOLADuet::mm-
dAK, EcPnp 

colA kanamycin mm-dAK, 
EcPnp 

Constitutive 
expression 

This study; Genscript 

pMAL::zm-pdc pMB1, 
M13 

ampicillin Zm-pdc IPTG This study; Genscript 
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Table 5.4. Primers used in this chapter 

PRIMER NAME SEQUENCE 
pBAD F 5ʹ ‒ GGCCCCAAGGGGTTATGCTAGT‒ 3ʹ 
pBAD R 5ʹ ‒GATTTAATCTGTATCAGG‒ 3ʹ 
pET-seqF 5ʹ ‒ GGCCCCAAGGGGTTATGCTAGT‒ 3ʹ 
pCOLADuet MCS2 F 5ʹ ‒ AACAATTCCCCTGTAGAAATAATTTTG‒ 3ʹ 
pCOLADuet MCS2 R 5ʹ ‒GCTAGTTATTGCTCAGCGGTG‒ 3ʹ 
mm-dAK internal F 5ʹ ‒CAGTAGGAGCGGGTAAAAGC‒ 3ʹ 
mm-dAK internal R 5ʹ ‒CCGGGATCTTCAGGTTCTCC ‒ 3ʹ 
DgPnp internal F 5ʹ ‒TCACCTTAATGCACGTCCGG‒ 3ʹ 
DgPnp internal R 5ʹ ‒GCCATTTGATACGCACGCAG‒ 3ʹ 
AbPpnp internal F 5ʹ ‒ CGGCGGTCTCTGCATTTC‒ 3ʹ 
AbPpnp internal R 5ʹ ‒CACGTAATCCAGCACTTCATCG‒ 3ʹ 
Pdc internal F 5ʹ ‒GCGAACCGTGATAAAGTGGC‒ 3ʹ 
Pdc internal R 5ʹ ‒TTGAAGAAGTCCAGCGAGCC‒ 3ʹ 
nrdA internal F 5ʹ ‒ CTATGAGAGCGCCCAGTTCC‒ 3ʹ 
nrdA internal R 5ʹ ‒ GTACACAGCGCGATTTCACC‒ 3ʹ 
nrdB internal F 5ʹ ‒ ATCAGACGCTGCTGGATTCC‒ 3ʹ 
nrdB internal R 5ʹ ‒ AGCCAGGTGTTGATCCATGG‒ 3ʹ 
nrdD internal F 5ʹ ‒ATTACTCGCCGTTCTTCCCG ‒ 3ʹ 
nrdD internal R 5ʹ ‒ ACAGCGCGTTAATGGTTTCG‒ 3ʹ 
nrdG internal F 5ʹ ‒CTGCACCCTGTTTGTCTCCG ‒ 3ʹ 
nrdG internal R 5ʹ ‒ ATGCACCACCTGATTGCTGC‒ 3ʹ 
nrdH internal F 5ʹ ‒ TGCGCATTACTATTTACACTCGTA‒ 3ʹ 
nrdH internal R 5ʹ ‒GGATGCAGACGGTTAATCATGT ‒ 3ʹ 
nrdI internal F 5ʹ ‒ CGGATTCAGGTAGACGAGCC‒ 3ʹ 
nrdI internal R 5ʹ ‒ GCATTTCCGGGCAATCACAT‒ 3ʹ 
nrdE internal F 5ʹ ‒ TGTGACCTTCAGTAGCCAGC‒ 3ʹ 
nrdE internal R 5ʹ ‒ACTCTGAGGCGCTGTTAACC ‒ 3ʹ 
nrdF internal F 5ʹ ‒ATGCACTCACGCCTCATGAA ‒ 3ʹ 
nrdF internal R 5ʹ ‒CGCGGTATTGGTCAGCTTTC ‒ 3ʹ 
gstA internal F 5ʹ ‒ CTTTGCCGTTAACCCTAAGGG‒ 3ʹ 
gstA internal R 5ʹ ‒ GCTGCAATGTGCTCTAACCC ‒ 3ʹ 
deoA qRT-PCR F 5ʹ ‒CCTCGCGATGACCATTTTCTT‒ 3ʹ 
deoA qRT-PCR R 5ʹ ‒CAACAATCGGGCCATTCA‒ 3ʹ 
deoB qRT-PCR F 5ʹ ‒CCTCGGTAACTGCCACTCTT‒ 3ʹ 
deoB qRT-PCR R 5ʹ ‒CTTCGTGGCAGGCAATCTG‒ 3ʹ 
deoC qRT-PCR F 5ʹ ‒ACGACACCGACGAGAAAG‒ 3ʹ 
deoC qRT-PCR R 5ʹ ‒GCGAGCAATCGGGATAAA‒ 3ʹ 
deoD qRT-PCR F 5ʹ ‒CCTTGAAGATGCCCGTGA‒ 3ʹ 
deoD qRT-PCR R 5ʹ ‒TGGTGTAGATGGAGCAGG‒ 3ʹ 
deoD qRT-PCR RE F 5ʹ ‒CATGACTTTGCCGCTATCGC‒ 3ʹ 
deoD qRT-PCR RE R 5ʹ ‒GAACAGGTCAGCGGAGAACA‒ 3ʹ 
cysG qRT-PCR F 5ʹ ‒TATGGGGTTGAATCAGGCCG‒ 3ʹ 
cysG qRT-PCR R 5ʹ ‒TGTGTGAGCGTACCGTCAAT‒ 3ʹ 
hcaT qRT-PCR F 5ʹ ‒GCAGTTCCCGCTTGATTACG‒ 3ʹ 
hcaT qRT-PCR R 5ʹ ‒TAGTGACCAGTTTGCCCGTC‒ 3ʹ 
idnT qRT-PCR F 5ʹ ‒CGCCGCCGTTTGTGAAATTA‒ 3ʹ 
idnT qRT-PCR R 5ʹ ‒GTCGGCCCAGTGTGAAAATC‒ 3ʹ 
gstA qRT-PCR F 5ʹ ‒TTACCCTCGTCAGTGTGG‒ 3ʹ 
gstA qRT-PCR R 5ʹ ‒GCCTTCCGTCAGCAAAGT‒ 3ʹ 
gyrA qRT-PCR F 5ʹ ‒CAACAGTTCCGCGATCTG‒ 3ʹ 
gyrA qRT-PCR R 5ʹ ‒ACTACCTGACCGAACAGCAA‒ 3ʹ 
nrdAB d 5ʹ ‒CGATACTCCAGTCCTGCGTAATGC‒ 3ʹ 
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nrdAB e 5ʹ ‒CGACCAACGATTGTCCGTGAGG‒ 3ʹ 
nrdDG d 5ʹ ‒GGCTTCTGGGTAGAGAATGGCG‒ 3ʹ 
nrdDG e 5ʹ ‒CCAGTAAATCCCGTGACAACAGCC‒ 3ʹ 
nrdHIEF d 5ʹ ‒GGCCTACCTTACCTGATTGCGC‒ 3ʹ 
nrdHIEF e 5ʹ ‒GCGTTCTTCGGCATTAATTCCGG‒ 3ʹ 

 

Figure 5.3. Plasmids used in this chapter. A) pCOLA::mm-dAK, DgPnp, a dual-expression vector containing codon-

optimised versions of the Mycoplasma mycoides deoxyadenosine kinase gene (mm-dAK) and the Deinococcus geothermalis 

purine nucleoside phosphorylase (DgPnp), each under control of the T7 promoter. B) pCOLA::mm-dAK, AbPpnp, a dual-

expression vector containing codon-optimised versions of the Mycoplasma mycoides deoxyadenosine kinase gene (mm-dAK) 

and the Acenitobacter baylyi purine/pyrimidine nucleoside phosphorylase (AbPpnp), each under control of the T7 promoter. 

C) pMAL-C4X::zm-pdc, an expression vector containing a codon-optimised version of the Zymomonas mobilis pyruvate 

decarboxylase gene (zm-pdc) under the control of the tac promoter. Zm-pdc has been cloned in a way to exclude the maltose-

binding protein usually utilised in this expression vector. D) pCOLA::mm-dAK, EcPnp, a dual-expression vector containing 

codon-optimised versions of the Mycoplasma mycoides deoxyadenosine kinase gene (mm-dAK) and a modified Escherichia 

coli purine nucleoside phosphorylase gene, each under control of the T7 promoter.  
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Figure 5.4. pBAD33::mm-dAK plasmid present in the ΔRNR strain. A) pBAD33::mm-dAK, a modified pBAD33 vector 

expressing mm-dAK produced by a former student (Nellie Sibaeva) in our lab. From known sequence information, this plasmid 

appears to have multiple promoter and terminator sequences, with Sanger sequencing of this plasmid to confirm this failing to 

produce results for confirmation of the sequence. Due to this, we attempted replacement of the mm-dAK gene with the pCOLA 

vectors listed in Figure 5.3, then introduced pBAD33-gm to displace the original pBAD33::mm-dAK vector present in the 

ΔRNR strain, although this was unsuccessful. The details of this experiment are given in Appendix 10. 

5.2.7 RT-PCR of introduced genes 

Strains were grown and RNA was extracted from REL606, DgPnp, AbPpnp and EcPnp strains 

and RT-PCR was performed as described above in 5.1.2. Overnight cultures of REL606, Dg-

Pnp, Ab-Ppnp and Ec-Pnp were grown in EZ rich media supplemented with additional 

supplements described in appendix 4, 2% glucose, streptomycin, ampicillin, kanamycin and 

100µM dNS overnight at 37°C. For these strains internal primers for each of the introduced 

mm-dAK, DgPnp, AbPpnp and zm-pdc sequences was used for the RT-PCR (Table 5.4). As 

in 5.1.2, the absence of contaminating DNA in samples was confirmed by including controls 

with the cDNA synthesis step omitted for each sample. 

It was not possible to determine expression of EcPnp by standard RT-PCR due to the similarity 

of the modified sequence to the native E. coli deoD sequence. Increased expression of deoD 

relative to the REL606 wildtype was instead confirmed by a combination of restriction digest 

and qRT-PCR. 
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5.2.8 qRT-PCR 

REL606, ΔRNR, Dg-Pnp, Ab-Ppnp and Ec-Pnp were grown as described above in 5.1.2. Cells 

were washed in 1x PBS and fresh day cultures were grown in identical media, but instead 

supplemented with IPTG, sodium pyruvate and 10µM dNS. Day cultures were grown at 37°C 

until an OD of ~0.5. RNA was extracted as described above in 5.1.2. RNA was quantified by 

nanopdrop and gel electrophoresis and integrity was determined by Qubit RNA IQ (Thermo 

Scientific). RNA was diluted to 200ng/µL and was treated with TURBO DNA-free™ Kit 

(Thermo Scientific), as per the manufacture’s specifications. An absence of DNA 

contamination was confirmed by gel electrophoresis. The DNase-treated RNA was then reverse 

transcribed using the SuperScript III reverse transcriptase (Invitrogen). The cDNA was then 

quantified by qPCR using the PowerUp SYBR Green Master Mix (Thermo Scientific) and 

primers for the deoA, deoB, deoC and deoD genes (Table 5.4), using the QuantStudio 5 

machine (Auckland Genomics). gstA, gyrA, cysG, idnT and hcaT were also amplified to serve 

as reference genes for downstream analyses (Zhou et al., 2011). For each sample, 3 biological 

and 3 technical replicates of each biological replicate were run, giving a total of 9 replicates 

for each sample. 

In order to differentiate between the native deoD transcripts and those from the pCOLA::mm-

dAK, EcPnp plasmid containing a modified deoD sequence, small aliquots of cDNA from each 

sample were taken and were digested with AluI and AccI. AluI should only digest the deoD 

cDNA from the strain containing the modified plasmid, while AccI should only digest the 

native deoD gene (Figure 5.5). 

Fold-change expression was then calculated for DgPnp, AbPpnp and EcPnp relative to REL606 

and ΔRNR through a series of steps: ΔCT values were firstly calculated for each of the deo 

genes in the experimental strains by subtracting the average Ct score of the reference genes for 

that sample. The ΔCt of the control strains was calculated in the same way. The ΔΔCt was then 

generated by subtracting the ΔCt of the control from the ΔCt of the experimental strain. 2- ΔΔCt 

was then calculated to give the fold-change in expression. This was repeated so that each of 

the three strains containing different phosphorylases was compared to both REL606 and 

ΔRNR.
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Figure 5.5. Alignment of the modified EcPnp (deoD) from (Abe et al., 2002) (top) and the native deoD from REL606 E. coli (bottom). These two enzymes differ at several positions at the 

nucleotide level (see appendix 8 for the full sequences). This results in the presence of an AluI cut site in the modified EcPnp sequence that is not present in the native sequence. Likewise, the 

original native sequence has an AccI cut site that is not present in the modified sequence. We utilised these restriction sites to differentiate the two transcripts by qRT-PCR. RNA was reverse-

transcribed to DNA, then digested with either AluI or AccI and amplified with identical conditions to the undigested cDNA transcripts. 
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5.2.9 Evolution Experiment 

In order to slowly reduce the dependence of ΔRNR on exogenous dNS supplementation in the 

media, an evolution experiment was performed similar to that previously performed for the 

ΔungΔthyAΔtrmA strains (Chapter 2). DgPnp, AbPpnp and EcPnp were grown overnight in 

EZ rich media containing the additional supplements outlined in Appendix 4, 2% glucose, 

IPTG, sodium pyruvate, streptomycin, kanamycin, ampicillin and 1mM dNS. 1mL of each 

culture was washed in 1XPBS and 3 replicates of each strain were made by performing a 1:50 

dilution into fresh EZ rich media in a 500mL baffled Erlenmeyer flask containing the same 

supplements (9 strains in total) – this was transfer 1 of this evolution experiment. After 24 

hours (when the strains had reached saturation), the 3 replicates of each of the 3 strains were 

washed in 1XPBS and a 1:50 transfer was made into fresh EZ rich media containing a lower 

concentration of dNS, and no other supplement changes to what was previously provided. This 

growth, wash and transfer to lower dNS supplementation process was repeated for 45 transfers 

(Figure 5.6). Initially transfers were completed once every 24 hours, but were completed less 

frequently as the experiment progressed. Alongside this, the same nine lines (3 replicates of 

the same 3 strains) were transferred into identical conditions, but with the dNS concentration 

constantly maintained at 1mM for the entire duration of the experiment to serve as a control. 

A full summary of the evolution experiment, and the conditions the strains were grown in, is 

provided in Appendices 11 and 12.  
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Figure 5.6. Evolution experiment performed with DgPnp, AbPpnp and EcPnp strains. Three replicates of each strain (nine 

strains) were evolved in two separate conditions (to give 18 strains in total). The first condition involved 45 transfers into fresh 

media, where the deoxyribonucleoside (dNS) concentration was decreased at each transfer. The second condition was identical 

to the first, with the exception of the dNS concentration which was maintained constantly at 1mM for the duration of the 

experiment. Between each transfer, strains were washed in 1 x PBS, before being transferred to the fresh media. A full summary 

of the conditions of each of the two evolution experiments is given in Appendices 11 and 12. 

 

5.2.10 Contamination checks 

Contamination checks were performed regularly at 5-transfer intervals. Knock-outs were 

confirmed at these time periods across all three nrd operons, as well as the presence or absence 

of either the Deinococcus or Acenitobacter phosphorylase genes using KAPA2G Robust 

HotStart ReadyMix PCR Kit (KAPA Biosystems) and the following primer pairs (Table 5.4): 

1. nrdAB d and nrdAB e 

2. nrdDG d and nrdDG e 

3. nrdHIEF d and nrdHIEF e 

4. pCOLA MCS2 F and pCOLA MCS2 R (for the phosphorylase genes) 
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Strains were also plated on tetrazolium arabinose agar plates to confirm a phenotype consistent 

with the REL606 ancestor. E. coli REL606 are deficient in arabinose metabolism due to a 

mutation in the araA gene resulting in the non-synonymous change G92D (Lenski et al., 1991). 

When grown on plates containing a triphenyl tetrazolium chloride (TTC) indicator dye, 

REL606 colonies will appear dark pink, or red, due to the inability to metabolise arabinose 

(Levin et al., 1977). Strains without this mutation will be white on the same media.  

Strains were also tested for sensitivity to T4 and T5 phage as a final contamination check, with 

REL606-derived strains expected to be susceptible to both of these phage. 

5.2.11 Growth Rate measurements during evolution experiments 

Cultures of evolved ∆RNR, the ancestral ∆RNR strains and both the wildtype and evolved 

REL606 strains were grown either overnight, or for the length of time required to reach 

saturation (Appendices 11 & 12) from glycerol stocks at 37°C in EZ rich media with 

streptomycin, kanamycin (for ∆RNR strains), 2% glucose, and the dNS concentration 

corresponding to the time point in the evolution experiment. 1:50 dilutions of these cultures 

were made into fresh EZ rich with the same supplements and the strains were grown for the 

same amount of time with shaking at 37°C in the FLUOstar OMEGA plate reader (BMG 

Labtech). OD595 measurements were taken once every six minutes during this time. Growth 

rates were determined by calculating the minimum doubling time over a 30-minute period. 

Three replicates were performed for each strain at each time period measured. 

5.3. Results 

5.3.1 No expression of nrd genes seen in ∆RNR strains 

A putative knock-out of the nrdAB, nrdDG and nrdHIEF operons was previously produced by 

Nellie Sibaeva in our lab using a scarless genome engineering method like that used in Chapter 

2 to knock-out the ung, thyA and trmA genes (Fehér et al., 2008). This strain had been termed 

∆RNR, but minimal characterisation of this strain had been performed to confirm that the nrd 

genes had been successfully knocked out. To determine whether these strains were knock-outs 

of all ribonucleotide reductase genes, we firstly performed RT-PCR. If the knock-outs of nrd 

were successful, no amplification of any of these genes should be observed when using internal 

primers for all of the nrd genes. This revealed no transcripts being produced in ∆RNR, while 

expression was observed in REL606 in all cases (Figure 5.7A-H). Successful amplification of 
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the gstA housekeeping gene revealed that this was not due to the absence of RNA in the ∆RNR 

sample (Figure 5.7I). 

 

Figure 5.7. RT-PCR confirms no expression of any ribonucleotide reductase genes in ∆RNR. RNA was extracted from 

REL606 and ∆RNR in mid-late log phase, and was DNase treated prior to RT-PCR. Samples were run on 1% agarose, 

alongside the GeneRuler 1KB plus ladder (Life Technologies). RT+ wells indicate samples that received the reverse-

transcription step, while RT- wells did not, and instead serve as a control for DNA contamination (refer to methods). RT-PCR 

of A) nrdA, B) nrdB, C) nrdD, D) nrdG, E) nrdH, F) nrdI, G) nrdE and H) nrdF  reveal no transcripts from ∆RNR, while 

expression was seen in REL606. I) Internal primers for the gstA housekeeping gene were used as a control for RT-PCR and 

confirm that the absence of amplification in ∆RNR was not due to the absence of RNA in the samples. For each primer pair 

the order of lanes is as follows: lane 1, 1KB plus ladder; lane 2, REL606 RT+; lane 3, REL606 RT-; lane 4, 1KB plus ladder; 

lane 5, ∆RNR RT+; lane 6, ∆RNR RT-. 



Chapter 5 | Characterisation and evolution of ribonucleotide reductase knock-out strains 

 173 

 

5.3.2 ∆RNR strains confirmed as knock-outs of all three ribonucleotide reductase operons 

Following confirmation of no expression of the nrd genes, we next performed whole genome 

sequencing of the ∆RNR strain to confirm the knock-out of all nrd genes, and that all (or part) 

of these had not relocated to elsewhere in the genome. Reads were mapped to the REL606 

genome to confirm the absence of the individual nrd genes (Figure 5.8, 5.9, 5.10A), as well as 

mapped to a REL606 genome with the nrd genes deleted (Figure 5.8, 5.9, 5.10B) to confirm 

that the sequences successfully mapped over this region excluding the nrd regions. These both 

revealed the absence of all three nrd operons in the ∆RNR31strain. Finally, the reads were 

mapped to the extracted nrd operons. These assemblies produced no contigs, reaffirming the 

successful knock-out of all three nrd operons in REL606.
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Figure 5.8. Whole genome sequencing of ΔRNR reveals successful knock-out of the nrdAB operon. DNA was extracted from REL606ΔnrdABΔnrdDGΔnrdHIEF (ΔRNR), and was sequenced 

using a 2x150bp Illumina HiSeq run. The subsequent reads were merged, trimmed and mapped to the REL606 reference genome using the Bowtie2 plug-in in Geneious Prime 2021.2 (Kearse et 

al., 2012; Langmead and Salzberg, 2012). A) No reads were able to be mapped to the extracted nrdAB sequence, indicating successful knock-out. B) reads mapped across the REL606 reference 

sequence with the expected nrdAB knock-out sequence removed show that the knock-out was successful, and that the operon has been excluded. Mean coverage for the 200bp across this region 

was 155.2 ± 38.2.  
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Figure 5.9. Whole genome sequencing of ΔRNR reveals successful knock-out of the nrdDG operon. DNA was extracted from REL606ΔnrdABΔnrdDGΔnrdHIEF (ΔRNR), and was sequenced 

using a 2x150bp Illumina HiSeq run. The subsequent reads were merged, trimmed and mapped to the REL606 reference genome using the Bowtie2 plug-in in Geneious Prime 2021.2 (Kearse et 

al., 2012; Langmead and Salzberg, 2012). A) No reads were able to be mapped to the extracted nrdDG sequence, indicating successful knock-out. B) reads mapped across the REL606 reference 

sequence with the expected nrdDG knock-out sequence removed show that the knock-out was successful, and that the operon has been excluded. Mean coverage for the 200bp across this region 

was 208.6 ± 7.9.  
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Figure 5.10. Whole genome sequencing of ΔRNR reveals successful knock-out of the nrdHIEF operon. DNA was extracted from REL606ΔnrdABΔnrdDGΔnrdHIEF (ΔRNR), and was 

sequenced using a 2x150bp Illumina HiSeq run. The subsequent reads were merged, trimmed and mapped to the REL606 reference genome using the Bowtie2 plug-in in Geneious Prime 2021.2 

(Kearse et al., 2012; Langmead and Salzberg, 2012). A) No reads were able to be mapped to the extracted nrdHIEF sequence, indicating successful knock-out. B) reads mapped across the REL606 

reference sequence with the expected nrdHIEF knock-out sequence removed show that the knock-out was successful, and that the operon has been excluded. Mean coverage for the 200bp across 

this region was 144.7 ± 44.9.
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5.3.3 ∆RNR31 strains have an elongate phenotype 

To investigate whether there were any morphological changes to the ribonucleotide reduction 

mutant strains, we diluted REL606 and ∆RNR cultures 1 x PBS and visualised the strains under 

a brightfield microscope. This revealed that ∆RNR had an elongate phenotype (Figure 5.11D), 

with an average length of 23.55 ± 14.09 µm (±SD), while REL606 was 1.332 ± 0.251 µm 

(±SD) (Figure 5.12). Interestingly, the elongate phenotype was reversed if the strains were 

grown in high levels of supplemented dNS (Figure 5.11C). 

 

Figure 5.11. ∆RNR is elongated compared to the REL606 ancestor strain. To investigate any morphological changes in 

the ribonucleotide reduction mutant strains we visualised the strains using a Leica ICC50W brightfield microscope. This 

revealed that  ∆RNR was elongated compared to REL606, however this phenotype was reverse upon growth of strains in high 

levels of supplemented dNS. A) REL606 grown in low (10µM) dNS.  B) ∆RNR grown in high concentrations of dNS (1mM). 

C) REL606 grown in high levels of supplemented dNS (1mM). D) ∆RNR grown in low levels of supplemented dNS (10µM). 
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Figure 5.12. ∆RNR cells are significantly longer than the REL606 ancestor. REL606 and ∆RNR cultures were visually 

inspected with a Leica ICC50 W brightfield microscope, and images were analysed with ImageJ to measure the length of 100 

cells for each strain. The frequency of cells at each size was plotted, revealing no overlap in size between REL606 and ∆RNR. 

The average size of REL606 was 1.332 ± 0.251 µm (±SD), while ∆RNR had an average length of 23.55 ± 14.09 µm (±SD). 

The difference between the two strains was statistically significant (p-value=<0.0001, Mann-Whitney U). 

 

We then set out to see whether this elongated phenotype was due to a failure of the cells to 

divide during cell division. If this were the case, we would expect to see multiple copies of the 

chromosome throughout the cell, indicating that the strains are able to replicate their DNA but 

unable to undergo the final steps of cell division. This was visualised by fixing REL606 and 

∆RNR strains to poly-D-lysine-coated coverslips, double staining the coverslips with FITC and 

DAPI and visualising the cells on an Nikon Ni-E fluorescent microscope. The elongated ∆RNR 

cells showed multiple bright regions of DAPI in individual cells, indicating the presence of 

multiple nucleoids along the length of the cells, and showing that replication is still occurring, 

despite the delay in cell division (Figure 5.13). 

Size (µm) 
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Figure 5.13. ∆RNR show that multiple nucleoids are present, despite cells showing delayed cell division. Cultures were 

grown overnight in 10µM dNS (low), washed with 1 x PBS, then fixed to poly-D-lysine coverslips with 4% formaldehyde and 

stained with FITC and DAPI (see methods). Fixed cells were visualised using a Nikon Ni-E fluorescent microscope using 

filters for DAPI and FITC. A) REL606 B) ∆RNR. 

5.3.4 ∆RNR strains require dC supplementation for growth.  

After establishing that the ∆RNR strain was devoid of all nrd genes, we then characterised the 

growth of this strain in a number of different conditions. While previous work had already 

established that this strain was not able to grow without any dNS supplementation, this did not 

delve into whether one or all deoxyribonucleosides were required. Strains were grown in EZ 

rich media with 2% glucose, under one of 7 conditions, with growth monitored in a plate reader 

over 44 hours: 

1. No supplementation 

2. 1mM dNS  

3. 4mM dR, 1mM A, G, C and U 

4. 1mM dC, 3mM dR, 1mM A, G and U 

5. 1mM dR, C, dA, dG and dU 

6. 1mM dA, dG and dU 

7. 1mM dC 
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This revealed that, as expected, ∆RNR was not able to grow without any dNS supplementation 

at all (Figure 5.14A). In 1mM dNS supplementation, ∆RNR grew successfully, reaching a 

higher maximum OD595 than the wildtype ancestor, albeit with a longer lag phase (Figure 

5.14B). Very limited growth was observed in both 4mM dR, A, G, C and U as well as in 1mM 

dR, C, dA, dG and dU and 1mM dA, dG and dU (Figure 5.14C, E, F, respectively). 

Interestingly, strains supplemented with 1mM dC, 3mM dR, 1mM A, G and U (Figure 5.14D) 

reached a maximum OD that was higher than the wildtype ancestor, with a delayed lag period, 

while strains grown in dC only exhibited a very delayed lag period (Figure 5.14G), but 

ultimately reached the same maximum OD as the wildtype REL606 ancestor. This data 

indicates that the production of deoxycytidine is likely limiting the ability of ∆RNR to produce 

deoxyribonucleosides in the absence of supplementation. 
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Figure 5.14. ∆RNR strains will not grow in the absence of dNS supplementation, but will occasionally grow when certain 

combinations of deoxyribonucleosides and ribonucleosides are added to the media. REL606 and ∆RNR strains were 

grown overnight in EZ20,000 media containing 1mM dNS, cultures were washed in 1 x PBS and transferred to EZ20,000 

under one of 7 conditions, with growth monitored over a period of 44 hours with a plate reader. The growth of REL606 was 

constant across all seven conditions, with ∆RNR growth varying depending on the condition. A) ∆RNR will not grow in the 

absence of any dNS supplementation. B) In 1mM dNS, ∆RNR now grows and reaches maximum OD levels that are higher 

than those observed in REL606. C) very slight growth is observed in ∆RNR in media supplemented with 4mM deoxyribose-

5-phosphate, and 1mM ribonucleosides. D) ∆RNR grown in 1mM deoxycytidine, 3mM deoxy-5-ribose and 1mM A, G, and 

U grows after a delayed lag phase and reaches maximum OD levels that are higher than those observed in REL606. E) Slight 

growth was observed in ∆RNR strains grown in 1mM deoxy-5-ribose, cytidine, deoxyadenosine, deoxyguanosine and 

deoxyuridine, and in strains grown in F) 1mM deoxyadenosine, deoxyguanosine and deoxyuridine. G) Strains grown in 1mM 

deoxycytidine alone experienced an extended lag phase, but eventually reached the same maximum OD as REL606 after ~44 

hours. These results show the deoxycytidine is the only growth requirement of these strains, and provides an important avenue 

for investigation in redirecting synthesis of DNA by the reverse DERA pathway.  

5.3.5 Filling in the missing gap in dC production 

Plate reader results in Figure 5.14 indicate that a key step in dC synthesis might be missing in 

∆RNR, preventing the production of deoxyribonuleotides by the reverse DERA pathway. In 

order to closely investigate the exact steps that might be preventing the synthesis of dC, or any 

of the other deoxyribonucleosides, we have examined the KEGG pathway database for the 

REL606 strain of E. coli. This revealed three key steps that might be preventing growth of  

∆RNR in the absence of dC supplementation (Figure 5.15B). This includes an enzyme capable 

of the metabolism of C to dC, the key step that seems to be absent in REL606. The importance 

of the dAK kinase gene on the pBAD::mm-dAK plasmid in ∆RNR was also reaffirmed, 

responsible for the metabolism of dNS to dNMP (excluding dU), which is not present in 

REL606. Finally, we saw the absence of a pyruvate decarboxylase enzyme responsible for the 

conversion of pyruvate to acetylaldehyde in REL606 (Figure 5.15A), a key substrate for the 

production of deoxyribonucleotides when using the reverse DERA pathway. This was a step 

in the pathway that had already been identified by collaborators at the University of Kyoto, so 

was already known to be important for the reversal of the DERA pathway. In order for the 

reverse DERA pathway to work efficiently for the production of all four deoxyribonucleosides, 

we engineered these key steps.
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Figure 5.15. Analysis of glycolysis and nucleotide synthesis pathways in REL606 E. coli reveal the absence of key enzymes 

required for the reverse DERA pathway. The glycolysis, purine and pyrimidine synthesis pathways were investigated for any 

key steps that do not ordinarily exist in REL606 E. coli using KEGG (Kanehisa and Goto, 2000; Kanehisa et al., 2021), and 

steps that will need to be engineered for the production of deoxyribonucleotides by the reverse DERA pathway are highlighted 

are red arrows. A) This revealed that there was no known protein in REL606 responsible for the conversion of pyruvate to 

acetylaldehyde. B) Inspection of purine and pyrimidine synthesis pathways in E. coli show that we also needed to engineer 

key steps for the production of dC from C, as well as kinase capable of the metabolism of dA, dG and dC to dAMP, dGMP 

and dCMP. 
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5.3.6 Phosphorylase genes did not result in growth in the absences of dNS supplementation 

Analysis of nucleotide biosynthesis pathways have revealed several key enzymes required for 

activity of the reverse DERA pathway that were not present in E. coli REL606. In order to 

engineer these key steps, an initial search was performed to try and identify genes from other 

species that might be able to fill in the gaps. One of the key steps identified in the KEGG 

database was  the conversion of dA, dC and dG to dAMP, dCMP and dGMP. Prior to knock-

out of the ribonucleotide reductase genes, a deoxyadenosine kinase from Mycoplasma 

mycoides had been introduced into REL606 on pBAD33. This gene had previously been shown 

to phosphorylate a wide variety of deoxyribonucleotides through the reaction shown in Figure 

5.16 (Wang et al., 2001), so was identified as a promising candidate to perform this reaction in 

the ribonucleotide reductase mutants. While ∆RNR grows in the presence of the 

chloramphenicol-resistance marker on pBAD33, attempts to sequence the plasmid by Sanger 

sequencing to confirm the plasmid sequence were unsuccessful. We decided to replace this 

plasmid with a newly generated plasmid so that we could be certain of how this gene was being 

expressed, and displace the existing pBAD33::mm-dAK plasmid after the new plasmid had 

been introduced.  

 

Figure 5.16 The deoxyadenosine kinase enzyme from Mycoplasma mycoides has been demonstrated to accept a wide 

range of deoxyribonucleoside substrates to produce deoxyribonucleoside monophosphates (Wang et al., 2001). This 

should aid in filling this key gap in the production of deoxyribonucleotides from the reverse DERA pathway. 

The Mycoplasma mycoides dAK kinase gene was obtained from the annotated whole genome 

sequence, and was codon-optimised for expression in E. coli (full sequence in appendix 5). 

This sequence was synthesised by GenScript and cloned into the first multiple cloning site of 

the pCOLADuet-1 dual expression vector at the NcoI and NotI sites. Successful introduction 

of this construct was confirmed via Sanger sequencing of the extracted plasmid (Figure 5.18A-

C). 
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To engineer the production of dC from C in ∆RNR, we set out to investigate whether any 

existing phosphorylase genes would be able to perform this reaction through a search of 

existing literature (Figure 5.17). This identified three potential candidates:  

1. A Deinococcus geothermalis purine nucleoside phosphorylase (referred to as DgPnp) (Zhou 

et al., 2013). This enzyme was found to preferentially act on C and dC, with large amounts of 

dC being produced from C. 

2. An Acenitobacter baylyi purine/pyrimidine nucleoside phosphorylase (AbPpnp). This 

enzyme has a published structure (UniProt accession: Q6FF51, PDB:3HQX) that states 

reversible activity on cytidine, but is not currently associated with a publication. 

3. A modified E. coli deoD enzyme from a patent (Abe et al., 2002), shown to act on C to 

produce dC invitro. 

The two non-E. coli genes were codon-optimised for expression in E. coli, then all three genes 

were synthesised by GenScript and cloned separately into the second multiple cloning site of 

the pCOLA::mm-dAK vector at the NdeI and BlpI sites, to produce three separate plasmids, all 

containing mm-dAK, and each containing one of the three phosphorylase genes. Successful 

cloning of these dual expression vectors was confirmed with Sanger Sequencing (Figure 

5.18D-L). The full sequences of each of these codon-optimised sequences is listed in 

Appendices 6-8. 

 

Figure 5.17. Three nucleoside phosphorylase enzymes were selected to metabolise C to dC in ∆RNR, a Deinococcus 

geothermalis purine nucleoside phosphorylase (Zhou et al., 2013), an Acenitobacter baylyi purine/pyrimidine nucleoside 

phosphorylase and a modified E. coli purine nucleoside phosphorylase (Abe et al., 2002). These should facilitate the generation 

of deoxycytidine and inorganic phosphate from cytosine and α-D-ribose-1P. 
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Figure 5.18. Sequencing of pCOLADuet1 plasmids confirm successful cloning of pCOLA::mm-dAK, DgPnp, 

pCOLA::mm-dAK, AbPpnp and pCOLA::mm-dAK, EcPnp. A map of the pCOLADuet-1 vector is given at the top of the 

image, with the pET-seqF and pCOLADuet MCS2 F primers used for sequencing across the two multiple cloning sites shown. 

A) mapping of Sanger reads across the region where mm-dAK was cloned reveals successful integration into the first multiple 

cloning site of pCOLADuet-1. Base-level resolution reveals that the exact locations where mm-dAK was introduced at both 

the 5 ′ (B) and 3′ (C) of pCOLADuet-1 map as expected. This confirmed vector was then used for subsequent cloning of 

DgPnp, AbPpnp and EcPnp into the second multiple cloning site. D) Sequencing across the second multiple cloning site of 

pCOLA::mm-dAK, DgPnp shows successful cloning of the full pCOLA::mm-dAK, DgPnp vector, with the regions at the 5 ′ 

(E) and 3′ end (F) of the site of integration mapping as expected. G) Sanger reads mapped to pCOLA::mm-dAK, AbPpnp 

show successful integration of AbPpnp into this vector also, with reads mapping exactly as expected at the start (H) and end 

(I) of the site of insertion. J) Finally, sequencing of pCOLA::mm-dAK, EcPnp reveals successful cloning of this vector, with 

reads mapping as expected at both end (K, L) of the cloned construct. This confirms that all plasmids were constructed 

correctly, with mm-dAK being located in the first multiple cloning site and the various phosphorylase genes being located in 

the second multiple cloning site. 

Finally, previous work with our collaborators at the university of Kyoto had already found a 

potential candidate for the missing pyruvate metabolism to acetylaldehyde to be used as a key 

substrate by the DERA pathway (Figure 5.19). The pyruvate decarboxylase gene from 

Zymomonas mobilis (Bräu and Sahm, 1986) was  extracted from the annotated genome 

sequence (#NC_018145) and codon-optimised for expression in E. coli. The sequence was 

synthesised by GenScript and cloned into the pMAL-C4X vector at the NdeI and EcoRI sites 

to exclude the maltose-binding protein. Successful cloning was confirmed by Sanger 

sequencing (Figure 5.20). 

 

Figure 5.19. The pyruvate decarboxylase enzyme from Zymomonas mobilis was introduced into ∆RNR to enable the 

production of acetylealdehyde from pyruvate in these strains. Production of acetylaldehyde in ∆RNR will serve as a 

substrate that can be utilised by the reverse DERA pathway for the production of deoxyribonucleotides. 
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Figure 5.20. A) Sequencing across the site of insertion of the Zymomonas mobilis pyruvate decarboxylase gene reveals 

successful cloning of the insert into pMAL-C4X. A map of pMAL-c4x is given at the top of the image, showing the location 

of the M13F and M13R primers used for sequencing. The pyruvate decarboxylase gene was inserted at the NdeI and EcoRI 

sites to exclude the maltose binding protein (MBP) and Factor Xa site that were not required for these experiments.  Base-

level resolution of the locations of insertion reveal that the gene has been inserted as expected at both the beginning (B) and 

end (C) of the sequence.  

The confirmed pCOLA::mm-dAK, DgPnp, pCOLA::mm-dAK, AbPpnp, pCOLA::mm-dAK, 

EcPnp and pMAL::zm-pdc vectors were then co-transformed into ∆RNR containing 

pBAD33::mm-dAK, in three different combinations to produce the DgPnp, AbPpnp and EcPnp 

strains that were described in Table 5.2. Successful transformants were confirmed by PCR 

screening with the pCOLA MCS F and R primers for pCOLA, and the M13 F and R primers 

for pMAL (Table 5.4).  

We next set out to confirm whether the introduction of these new genes would immediately 

allow for growth in the absence of any dNS through use of the reverse DERA pathway. Strains 

were grown in EZ20,000 media containing extra supplemented alanine, asparagine, glutamine, 
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malic acid, fumaric acid, succinic acid and folic acid, along with sodium pyruvate, with growth 

monitored in a plate reader. This supplement contains a number of key substrates in the citric 

acid and glycolysis cycles, to attempt to push the cells towards acetylaldehyde production, and 

the use of the DERA pathway to produce deoxyribonucleosides. No growth was observed from 

the three generated strains in the absence of dNS supplementation (Figure 5.21), showing that 

the introduced genes are not immediately complementing the dC dependency that we had 

previously seen. 

 

 

Figure 5.21. ∆RNR strains with purine or pyrimidine/purine nucleoside phosphorylase genes do not grow in the absence 

of dNS supplementation. REL606, DgPnp, AbPpnp and EcPnp were grown overnight in EZ rich media containing 1mM 

dNS, and cultures were washed in 1 x PBS before being transferred to fresh media containing either no dNS supplementation 

or 1mM dNS for 96 hours with growth monitored using a plate reader. A) Identical levels of growth were observed for REL606 

in no dNS and 1mM dNS supplementation, while B) DgPnp C) AbPpnp and D) EcPnp did not grow in the absence of dNS 

supplementation, but did grow when 1mM dNS was supplied in the media. This indicates that these strains are not able to 

produce their own deoxyribonucleotides via the reverse DERA pathway.  
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5.3.7 Modified ∆RNR31 strains are transcribing all introduced genes  

In order to confirm that the introduced purine or purine/pyrimidine nucleoside phosphorylase 

genes were being expressed, we performed RT-PCR using internal primers for the DgPnp, 

AbPpnp, zm-pdc and mm-dAK genes (Figure 5.22A-B). This confirmed production of DgPnp 

and AbPpnp transcripts in the appropriate strains, with the absence of these transcripts observed 

in the REL606 control RNA. It was not possible to confirm the transcript production in EcPnp 

using RT-PCR due to the similarity of this gene to the native E. coli deoD gene. Both mm-dAK 

and zm-pdc transcription was also seen in all three strains, with no transcripts observed in 

REL606 for these two genes (Figure 5.22C-D). Finally, we also set out to establish whether 

∆RNR strain was transcribing mm-dAK from the pBAD::mm-dAK, as previous sequencing of 

this plasmid had been unsuccessful, along with attempts to displace this plasmid after 

introduction of the three different pCOLA::mm-dAK vectors (Appendix 10). This revealed that 

despite our issues in characterising this plasmid, the mm-dAK gene is still being transcribed in 

∆RNR (Figure 5.22E). 
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Figure 5.22.RT-PCR confirms transcription of introduced purine and pyrimidine/purine nucleoside phosphorylases, 

pyruvate decarboxylase and deoxyadenosine kinase. RNA was extracted from REL606, ∆RNR, DgPnp, AbPpnp and EcPnp 

cultures in mid-late log phase, and was DNase treated prior to RT-PCR. Samples were run on 1% agarose, alongside the 

Generuler 1KB plus ladder (Life Technologies). RT+ indicates reverse transcriptase added while RT- indicates that it was not, 

and instead serves as a control for DNA contamination (refer to methods). A) internal primers for DgPnp confirm expression 

in DgPnp, but not in REL606 (lane 1, 1KB plus ladder; lane 2, REL606 RT+; lane 3, REL606 RT-; lane 4, DgPnp RT+; lane 

5, DgPnp RT-) . B) AbPpnp is amplified by RT-PCR from AbPpnp, but not REL606 (lane 6, 1KB plus ladder; lane 7, REL606 

RT+; lane 8, REL606 RT-; lane 9, 1KB plus ladder; lane 10, AbPpnp RT+; lane 11, AbPpnp RT-; lane 12, 1KB plus ladder). 

C) Zm-pdc is being expressed in DgPnp, AbPpnp and EcPnp, but not in REL606 (lane 13, 1KB plus ladder; lane 14, REL606 

RT+; lane 15, REL606 RT-; lane 16, DgPnp RT+, lane 17, DgPnp RT-; lane 18, 1KB plus ladder; lane 19, AbPpnp RT+; 

lane 20, AbPpnp RT-; lane 21, EcPnp RT+; lane 22, EcPnp RT-). D) No expression was seen from mm-dAK in REL606, 

while expression was seen in DgPnp, AbPpnp and EcPnp (lane 23, 1KB plus ladder; lane 24, REL606 RT+; lane 25, REL606 

RT-; lane 26, DgPnp RT+; lane 27, DgPnp RT-; lane 28, 1KB plus ladder; lane 29, AbPpnp RT+; lane 30, AbPpnp RT-; lane 

31, EcPnp; lane 32, EcPnp RT-). E) In order to establish whether mm-dAK was being transcribed from the pBAD::mm-dAK 

vector in ∆RNR, RT-PCR was performed using internal dAK primers (lane 33, 1KB plus ladder; lane 34, ∆RNR RT+; lane 

35, ∆RNR RT-). This confirms that all constructs have been successfully introduced and are being transcribed, and that mm-

dAK is being transcribed in pBAD33::mm-dAK, despite potential issues with the vector (Appendix 10). F) The gstA 

housekeeping gene was used to confirm that RNA transcripts were being produced from all strains as expected (lane 36, 

ladder; lane 37, DgPnp RT+; lane 38, DgPnp RT-; lane 39, ladder; lane 40, AbPpnp RT+; lane 41, AbPpnp RT-; lane 42, 

ladder; lane 43, EcPnp RT+; lane 44, EcPnp RT-). Note, the same RNA extractions from REL606 and ∆RNR were previously 

used in in section 5.1.2, so housekeeping controls for these strains can be found in Figure 5.7. 
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5.3.8 qPCR confirms potential downregulation of DERA genes in ∆RNR strains relative to 

REL606 

If the reverse DERA pathway is being utilised by any of the produced strains, it would be 

expected that the genes in this pathway might be upregulated relative to the ancestral wildtype 

or ∆RNR strains. This was investigated by qRT-PCR of the genes in the DERA operon: deoA, 

deoB, deoC and deoD. REL606, ∆RNR, DgPnp, AbPpnp and EcPnp were all grown in EZ rich 

media containing a low concentration of dNS in order to attempt induction of the reverse-

DERA pathway (see methods). RNA was extracted, reverse-transcribed to cDNA and qPCR 

was performed using internal primers for the deo operon. The deo genes exist on a single 

operon, so consistent increases in expression across multiple deo genes can be expected within 

a single strain. ∆∆CT values were calculated for ∆RNR, DgPnp, AbPpnp and EcPnp by 

normalising all results to the average Ct of five control housekeeping genes, then subtracting 

the normalised REL606 and ∆RNR samples from the five experimental strains. 2-∆∆Ct was 

then calculated to give the change in expression relative to either REL606 (Figure 5.23A), or 

∆RNR (Figure 5.23B). This revealed a significant difference in expression for all strains 

relative to both strains (p-values of <0.001 for each comparison, Mann-Whitney). EcPnp was 

the only strain to have increased expression of deo genes relative to REL606 (Figure 5.23A), 

while both DgPnp and  EcPnp saw increased expression of all four deo operon genes relative 

to ∆RNR (Figure 5.23B). 
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Figure 5.23. qRT-PCR quantification of deo operon transcripts reveals some increased expression in strains containing 

introduced phosphorylase genes. RNA was extracted from REL606, ∆RNR, DgPnp, AbPpnp and EcPnp strains grown in 

EZ rich media containing 10µM dNS (low dNS), cDNA was synthesised and qPCR was performed with all four deo operon 

genes (deoCABD), and five additional reference genes (gyrA, gstA, idnT, hcaT and cysG) for each strain. Ct scores from 

DgPnp, AbPpnp and EcPnp were normalised to the average Ct of the reference genes to generate the ∆Ct. Experimental strains 

were then compared to the normalised scores of either REL606 or ∆RNR to give the ∆∆Ct. This value was then used to 

calculate the fold change in expression relative to either REL606 or ∆RNR for each gene in each strain. Any value above one 

(indicated by the gray line) is considered an increased level of expression relative to the strain that it is being compared to 

(either REL606 (A) or ∆RNR (B). A) The fold-change in expression of deo genes in EcPnp has increased relative to REL606, 

with the biggest increase seen in deoD for this strain. Expression of DgPnp and AbPpnp was seen to decrease relative to 

REL606. B) Expression of deo genes in DgPnp and EcPnp was seen to increase relative to ∆RNR (with the biggest increase 

once again seen in deoD for EcPnp), while expression of deo genes in AbPpnp appeared to decrease. Higher expression would 

A) 

B) 
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be expected from deoD in EcPnp due to this strain having both genomic and plasmid-borne copies of deoD. The ∆Ct score for 

all genes and strains were compared to either REL606 or ∆RNR and gave significant P-values of <0.001, Mann-Whitney). 

While this result does not directly indicate that the DERA pathway is operating in the direction of synthesis, increased 

expression indicates that these strains might be using this pathway more than the strains that they are being compared to, 

potentially in the direction of synthesis.  

Alongside this, aliquots of the cDNA from REL606 and EcPnp were digested with either AluI 

and AccI, in order to establish whether the modified deoD (EcPnp) phosphorylase gene was 

being expressed in this strain that already contained a genomic copy of the deoD gene. If 

successful, we should see that AccI digestion resulted in genomic copies of deoD cDNA being 

degraded, while AluI should instead digest only those copies present on the pCOLA::mm-dAK, 

EcPnp plasmid. In the EcPnp strain, increased ∆Ct counts (an increase in the number of cycles) 

were seen upon digestion with both AccI and AluI, indicating the presence of both genomic and 

plasmid-bourne copies of deoD (Figure 5.24, left). By comparison, REL606 cDNA digested 

with AccI showed a significant increase in the ∆Ct value whereas the AluI digestion showed no 

change (Figure 5.24, right). This indicates that only the genomic copy of deoD is present in 

this strain. 
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Figure 5.24. qRT-PCR reveals expression of both the native and modified deoD genes in EcPnp. Expression of deoD was 

unable to be confirmed by standard RT-PCR as the genomic copy of deoD and the modified EcPnp shared nearly-identical 

nucleotide sequences. To distinguish the two versions of deoD and confirm expression of them both in EcPnp, RNA extracted 

from both this strain and REL606 was reverse transcribed, and an aliquot was subjected to enzymatic digest by either AccI or 

AluI. The digested cDNA was then subjected to a qPCR with identical conditions to the uncut sequences, and were normalised 

to the reference genes for that sample to give the ∆Ct. An increase in ∆Ct value indicates that the number of cycles required 

for amplification increased and that less cDNA was present in the starting material. The AccI enzyme should only cut the 

native deoD sequence, while AluI should instead cut the modified sequence and not the native sequence present in REL606, 

so it should be possible to tease apart the two expression sources based on whether digestion occurs. ∆Ct scores for EcPnp 

(left) were found to have significantly increased upon digestion with both AluI (p<0.001, Mann Whitney U) and AccI (p<0.001, 

Mann Whitney U) compared to the uncut cDNA. By comparison, for REL606 (right), increased ∆Ct values were only observed 

upon digestion with AccI which should only target the genomic copy of deoD (p-value for AccI <0.001 and 0.9745 for AluI, 

Mann-Whitney U) . This indicates that both native and modified copies of deoD were present in EcPnp, and that these were 

both expressed, while the REL606 control strain only contained the native deoD, as expected.  

5.3.9 ∆RNR strains evolved to grow on lower concentrations of deoxyribonucleosides 

As introduction of the various phosphorylase enzymes, deoxyadenosine kinase and pyruvate 

decarboxylase did not result in growth on no dNS supplementation alone, an evolution 

experiment was performed. Three replicates of each of the ∆RNR strains containing the 

Deinococcus, Acenitobacter and modified E. coli phosphorylase enzymes were grown in two 
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conditions for a total of 45 transfers. Nine strains were transferred to fresh media containing a 

lower concentration of dNS. Transfer 1 of this experiment began at 250µM, and by transfer 45 

these strains had reached 20nM of dNS supplementation (Figure 5.25, appendix 11), albeit with 

an incredibly impaired growth rate and a decrease in the maximum optical density compared 

to the control strain (Figure 5.25). This evolution experiment was performed in a modified 

EZ20,000 media (appendix 4), where cells were grown in large baffled flasks to encourage 

aeration, and the presence of additional supplements (malic acid, fumaric acid, succinic acid 

and folic acid) to encourage the reverse DERA pathway to operate. 0.5% Tween 80 was also 

supplied for membrane stability. Sodium pyruvate was also added at a concentration of 5mM 

to further encourage acetylaldehyde production for use in the reverse DERA pathway through 

the activity of pyruvate decarboxylase. 

After 30 transfers, it was no longer possible to measure the growth of the strains evolved in 

decreasing concentrations of dNS by plate reader measurements, and growth was instead 

confirmed by visual inspection of cells with bright field microscopy. After 33 transfers, the 

three strains containing the EcPnp gene perished and were no longer able to be revived.  

The same initial nine strains were also evolved in parallel for 45 transfers in a constant high 

dNS concentration of 1mM to serve as the control for this evolution experiment. All other 

conditions of the experiment were identical to those grown in the decreasing concentration of 

dNS. A full summary of the conditions of the evolution experiment for both conditions and all 

strains are given in appendices 11 and 12. 
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Figure 5.25. Knock-outs of ribonucleotide reductase evolved to grow in decreased concentrations of deoxyribonucleosides, 

but exhibited increased doubling times and lower maximum optical density. 3 replicates of each of DgPnp, AbPpnp and EcPnp 
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were evolved in two conditions for a total of 45 transfers: the first involved decreasing the concentration of dNS at each 

transfer, while the second condition maintained a constant 1mM concentration of dNS for the duration of the experiment. At 

5-transfer periods, the strains were grown in a plate reader so that growth could be monitored. After 30 transfers in lowering 

dNS, it was no longer possible to measure the growth of the first condition, and growth was instead confirmed by microscopy. 

A full summary of the conditions of the evolution experiment are given in Appendices 11 and 12. Doubling time (A, C, E) and 

optical density (B, D, F) are displayed as points for each time period, while the corresponding concentration of the low dNS 

evolution experiment is displayed in the bar graph superimposed behind each point. A) The doubling time of DgPnp grown in 

low dNS increased to an average of ~300 minutes after 30 transfers, while those grown in high dNS remained consistent for 

the duration of the experiment (p=0.002, Mann Whitney U). B) DgPnp also showed a decrease in the maximum optical density 

reached by the strain, and was beyond the limit of detection of the plate reader after 30 transfers, although this was not 

significant (p=0.0702, Mann-Whitney U). C) AbPpnp also showed increased doubling time (p=0.0136, Mann-Whitney U) and 

D) decreased optical density when grown in low dNS, compared to those grown in high dNS although this was not significant 

(p=0.0702, Mann-Whitney U). E) Like both other strains, EcPnp had a higher doubling time than the strain grown in high dNS 

(p=0.0012, Mann-Whitney U), F) and the maximum optical density decreased during the length of the experiment. EcPnp 

perished after 33 transfers, and growth was no longer observed for this strain in the low dNS condition, while the strain grown 

in high dNS survived the entire duration of the experiment.  

5.4. Discussion 

While the DNA building blocks in all extant organisms are made through ribonucleotide 

reduction (Lundin et al., 2010, 2015), this does not exclude the possibility that these could have 

been made through an alternative pathway at some point during evolution (Poole, 2011), as 

discussed in the introduction. The reverse DERA pathway provides a plausible alternative to 

this pathway, with a path from glyceraldehyde 3-phosphate and acetylaldehyde to the 

deoxyribonucleosides that are required for DNA synthesis (Poole et al., 2014). However, this 

pathway is used in the salvage direction in modern organisms. In order to test the feasibility of 

reversing this pathway in modern cells, Nellie Sibaeva in our lab had previously knocked out 

all of the ribonucleotide reductase (RNR) genes present in E. coli.  

While this mutant was generated, little to no characterisation had been completed to confirm 

the loss of deoxyribonucleotide production in this strain. In this chapter we have worked 

towards characterising this mutant and confirming that it is a complete knock-out of all RNR 

genes. RT-PCR and whole genome sequencing have confirmed that this knock-out was 

successful, and growth experiments have demonstrated that these strains are only dependent 

on exogenous supplemented dC in the media. This chapter presents the first confirmed knock-

out strain of all ribonucleotide reductase enzymes in E. coli. 

We then sought out to identify key enzymatic steps in the synthesis of deoxyribonucleosides 

via the reverse DERA pathway that would need to be engineered in the ∆RNR strain. 
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Investigation of the nucleotide biosynthesis and glycolysis pathways in E. coli revealed an 

additional three enzymatic steps that could have been preventing this pathway from operating 

in the reverse direction. In order to fill these potential gaps, a deoxyadenosine kinase from 

Mycoplasma mycoides, pyruvate decarboxylase from Zymomonas mobilis and nucleoside 

phosphorylase genes from Deinococcus geothermalis, Acenitobacter baylyi and a modified E. 

coli purine nucleoside phosphorylase were introduced into the ribonucleotide reductase knock-

out strain. This introduction did not immediately complement the absence of growth on no 

supplemented deoxyribonucleosides, so an evolution experiment was undertaken to evolve 

these strains to grow in 20nM of dNS, far lower than the starting concentration of 250µM. 

However, despite this large drop in concentration, these strains exhibit low levels of growth, 

and have not yet been able to be grown without any dC supplementation, much like the ∆RNR 

ancestors. 

The fact that we have not been able to rewire dNS production via the reverse DERA pathway 

in the context of this experiment, or demonstrate that it is definitely being used, indicates that 

this may not be straightforward to complete, and may cast some doubt onto the hypothesis 

proposed by Poole et al. (2011, 2014). It is important to note that DERA is a pathway that can 

be used for the synthesis of deoxyribonucleotides in vitro (Horinouchi et al., 2003, 2006a, 

2006b; Sakuraba et al., 2007), so the key issue in a cellular context likely lies with the process 

and not the enzymes themselves. Acetylaldehyde is toxic and unstable and could be diverted 

to the production of ethanol (Dick et al., 2016). It could be possible that we need to knock-out 

the alcohol dehydrogenases to prevent this from occurring. A key difference in the reverse 

DERA pathway operating in a cell and in vitro, is that the cells would need to both synthesis 

and degrade molecules. By eliminating synthesis and requiring degradation to act as a synthesis 

pathway, it is not clear how easily these can be recycled. It may be that this pathway was 

chemically plausible in early prebiotic conditions, but is now not able to work in a cellular 

context as both synthesis and degradation pathways are necessary. Genes in pathways involved 

in synthesis of deoxyribonucleotides are difficult to knock-out, as is evident by this chapter 

presenting the first known example of a ribonucleotide reductase knock-out, but genes involved 

in the DERA pathway recycling can be knocked out (Baba et al., 2006). This suggests that 

there are other routes for recycling, but this might be separate to forcing a reverse of recycling. 

The next chapter of this thesis aims to investigate the genomes of these evolved knock-out 

strains, and establish how they are responding to the loss of ribonucleotide reduction. This 

genome data might help to elucidate key pathways required by these strains to grow in little to 
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no dNS supplementation, and whether we could be driving these strains towards use of the 

reverse DERA pathway
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Chapter 6. Genome analysis of evolved ribonucleotide 
reductase knock-out strains  

6.1. Introduction 

The use of ribonucleotide reduction to produce DNA building blocks is ubiquitous in modern 

cells, and appears to have been key in the transition from RNA to modern DNA (Poole et al., 

2014). This, however, does not preclude an alternative simpler pathway existing at some point 

in evolution, and that ribonucleotide reduction then evolved after the initial evolution of DNA 

by some other means, as discussed in Chapter 5.1. In order to generate a strain capable of 

generating deoxyribonucleotides by an alternative pathway, we have produced knock-out 

strains of all ribonucleotide reduction genes present in E. coli. This strain was dependent on 

exogenously supplied deoxycytidine (dC) in the media, indicating that the metabolism of C to 

dC was likely the key missing step in generating strains that were capable of growing without 

any dNS supplementation at all. To remedy this, we introduced several genes that appeared to 

be missing in our strain of E. coli, including nucleoside phosphorylases to perform that key C 

to dC step, as well as pyruvate decarboxylase and deoxyadenosine kinase genes to encourage 

the strains towards the end goal of dNS synthesis by the DERA pathway. We then evolved 

these strains in decreasing concentrations of dNS to reach that end goal. While we did not reach 

no supplementation with these strains, we have grown them steadily towards concentrations of 

dNS far lower than what they were initially able to grow, indicating that these strains are 

adapting to the conditions of the experiment.  

We have now sequenced the whole genomes of the evolved ΔRNR-derived strains after 45 

transfers of evolving in either decreasing deoxyribonucleoside (dNS) concentration or a 

constant concentration of 1mM dNS. Like the U-DNA strains in Chapter 3, we expect to see 

mutational changes in response to the loss of a key step in the nucleotide biosynthesis pathway, 

but in this case we also hope to see that the strains are changing in ways that indicate that the 

DERA pathway could be operating in reverse. In the context of the evolution experiment 

performed in Chapter 5, it is likely that one of the following scenarios will be seen (or even a 

combination of both): 



Chapter 6 | Genome analysis of evolved ribonucleotide reductase knock-out strains 

 202 

1. The cells are utilising DERA and we see evidence in the form of changes to components of 

the reverse DERA pathway 

2. The cells are continuing to utilise limited dNS in suppled media, and mutations are instead 

directed towards better obtaining limited dNS. 

Both of these scenarios might include mutations in several genes involved in nucleotide 

biosynthesis, as well as in the promoter regions of the  deoxyriboaldolase pathway if this 

pathway is being utilised to generate the dNTPs required for growth. No previous experiments 

have successfully knocked out all ribonucleotide reductase genes in E. coli, so investigating 

the mutations that we do see in this strain may help to understand how these strains are 

responding to the loss of ribonucleotide reduction, and which pathways might be important for 

compensating for the loss of the pathway, helping to drive approaches for future experiments 

with these knock-out strains. 

6.2. Methods 

6.2.1 Strains and media 

Escherichia coli strain B REL606 (Genotype: F-, tsx-467(Am), araA230, lon-, rpsL227(strR), 

hsdR-, [mal+](LamS)), REL606 ΔnrdABΔnrdDGΔnrdHIEF (ΔRNR), DgPnp, AbPpnp and 

EcPnp were generated and evolved as previously described in chapter 5.2.1. 

Media used for these experiments was a modified EZ rich media (Neidhardt et al., 1974), 

supplemented with 20g/L glucose (2%) (EZ20000). Streptomycin was also used at a final 

working concentration of 100μg/ml, along with 100μg/mL ampicillin, 20μg/mL kanamycin, 

1mM IPTG and 5mM sodium pyruvate. A detailed description of the composition of the EZ 

rich media used for the ribonucleotide reductase knock-out strains in this chapter is provided 

in Appendix 4. 

6.2.2 DNA Extractions 

DgPnp, AbPpnp and EcPnp ancestor strains, along with the three replicates of each of these 

strains that were grown in 1mM dNS for 45 transfers were streaked to single colonies on LB 

agar containing streptomycin, ampicillin, kanamycin and 1mM dNS and were grown at 37°C 

for 24 hours. A single colony was used to inoculate EZ rich media supplemented with 

streptomycin, ampicillin, kanamycin, 2% glucose and 1mM dNS, and was grown at 37°C 
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overnight. DNA was extracted from this overnight culture using the Wizard® Genomic DNA 

Purification Kit (Promega), following the manufacturer’s specifications. DNA was quantified 

using the Implen Spectrophotometer and the Qubit 4.0 Fluorometer. 

Transfer 45 DgPnp and AbPpnp strains were grown from glycerol stocks in EZ rich media with 

streptomycin, kanamycin, ampicillin, IPTG, sodium pyruvate, 20nM dNS,  and 2% glucose for 

7 days at 37°C. A 1:50 dilution of this overnight culture was made into 50mL of fresh media 

and was grown for a further 7 days at 37°C. All 50mL of this culture was spun down and 

supernatant was removed. DNA was extracted using the Genomic DNA Buffer Set and 

Genomic-tip 20/G (Qiagen), following the manufacturer’s specifications for DNA extractions 

from gram-negative bacteria. Extracted DNA was treated with RNase A (Promega) for 60 

minutes at 37°C, and cleaned up by adding one volume of phenol:chloroform:isoamyl alcohol 

(25:24:1) (Sigma). Samples were vortexed for 30 seconds, then spun down at maximum speed 

for 5 minutes. The aqueous phase was transferred to a new tube, and 1µl of 20 µg/µl glycogen 

(ThermoFisher), 0.5 volume of 7.5 M ammonium acetate and 2.5 volume of 100% absolute 

ethanol were added to the sample. DNA was precipitated by placing the tube at -80°C for 1 

hour and tubes were centrifuged at max speed for 30 minutes (4°C). The pellet was washed 

twice in 200µl 70% absolute ethanol and resuspended in nuclease free water. DNA was 

quantified using the Implen Spectrophotometer and Qubit 4.0 Fluorometer. 

6.2.3 Illumina Sequencing 

Sequencing libraries were constructed using the Biooscientific NEXTflex Rapid XP DNA-seq 

kit (Perkin Elmer). DNA was fragmented to ~250bp by enzymatic fragmentation, bead-based 

size selection was performed for a 250bp insert size, and samples amplified using 2-9 PCR 

cycles depending on the concentration of the input DNA. Library size was confirmed using 

DNA High Sensitivity reagents on a Bioanalyzer (Agilent). Any libraries with an average size 

above 400bp, or if primer-dimer was present, were size-selected prior to sequencing using a 

Blue Pippin and a 2% agarose cassette (Sage Science), specifying to select for all fragments 

between 100 and 500bp, to give an average library size of 300bp when checked again by 

Bioanalyzer. 

Libraries were pooled to a 3nM equimolar pool and were sequenced on an Illumina HiSeq 

(Novogene), on a 2x 150bp PE (300 cycle) run. 
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6.2.4 Sequence analysis 

Raw reads were processed in Geneious Prime 2021.1 (Kearse et al., 2012), trimming low-

quality sequences (Q20) using the BBDuk plug-in. All reads below 100bp in length were also 

discarded. Reads were merged using BBMerge (Bushnell et al., 2017), specifying a normal 

merge rate. DgPnp, AbPpnp and EcPnp ancestor (T0) strains were mapped to the REL606 

reference genomes (accession #NC_012697) using the Bowtie2 plug-in for Geneious Prime 

(Langmead and Salzberg, 2012) with the highest sensitivity setting. All T45 strains were then 

mapped to the consensus sequences generated from the corresponding T0 DgPnp, AbPpnp or 

EcPnp strain. SNP-calling was lastly performed, specifying a minimum variant frequency of 

0.75. 

6.2.5 Assessment of parallel mutations 

To investigate whether the rate of parallel mutations in the evolution experiment were higher 

than what would be expected if the mutations were occurring randomly, G score values were 

calculated for the experiment (Tenaillon et al., 2016) as previously described in Chapter 3. 

6.2.6 Assessment of non-synonymous mutations 

The impact of non-synonymous substitutions in protein-coding genes were assessed using 

Provean. The mutated sequences were inputted into Provean V.1.1.5 using NCBI BLAST 2.4.0 

and cd-hit 4.8.1 with the September 2012 nr protein NCBI database to be consistent with the 

database used by the PROVEAN webserver (Choi and Chan, 2015), and any scores below -2.5 

were classified as deleterious.      

6.2.7 Structural modelling of RpoB, RpoC and RpoD 

The mutated rpoB, rpoC and rpoD protein sequences were used to create a homology model 

using SWISS- MODEL (Biasini et al. 2014), and the structure of the E. coli DNA-dependent 

RNA polymerase holoenzyme (6XL9) (Fernandez-Leiro et al., 2015). This model contains the 

substitutions seen in the evolved ΔRNR31 strains: N139S, Q148P, D303G, S305P, L363P, 

N406S, N622S and N1324S for RpoB; L120P, L120R, Y772H, H897R and Y1099C for RpoC; 

and V255A, V333A, D521G and T527P in RpoD. These models were visualised using PyMOL 

version 2.0.7 (DeLano, 2002). In order to investigate whether the mutations seen in the evolved 

strains are commonly occurring mutations the RpoB, RpoC and RpoD protein sequences were 

compared to all other reviewed bacterial sequences contained in the UniProt database (Bateman 
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et al., 2015). These sequences were aligned in Geneious Prime 2021.2 using the MUSCLE 

plug-in (Edgar, 2004), and the sequence logos for the alignment were visualised. 

6.3. Results 

6.3.1 Large numbers of mutations occurred in ΔRNR31 strains in response to the loss of 

ribonucleotide reduction 

To try to redirect deoxyribonucleotide synthesis through the alternative DERA pathway, 

knock-outs in the nrdAB, nrdDG and nrdHIEF operons were generated as described in Chapter 

5. These strains had a reliance on exogenous dC supplementation and we attempted to remove 

this through the introduction of nucleoside phosphorylase genes from Deinococcus 

geothermalis (DgPnp) (Zhou et al., 2013), Acenitobacter baylyi or a modified E. coli (Abe et 

al., 2002) enzyme. This did not directly remove the dC dependence, so we then performed an 

evolution experiment in decreasing concentrations of dNS over time as described in Chapter 5. 

While we were not able to get the strains down to no dNS supplementation during the duration 

of the experiment, the concentrations of dNS where growth occurred got down to as low as 

20nM by transfer 45. Whole genome sequencing was performed so that we could investigate 

how the strains have adapted to the decreasing concentrations of dNS being supplied in the 

media. This experiment generated a total of 6 strains that were able to be grown in 20nM dNS, 

as well as 9 strains which were grown at a constant concentration of 1mM dNS to serve as a 

control. These 15 strains are summarised in Table 6.1 below. In addition to this, the ΔRNR 

ancestor, as well as the originating strains (transfer 0) for DgPnp, AbPpnp and EcPnp were all 

sequenced so that it could be determined that all mutations were a direct result of the 

experimental conditions and that they had no occurred prior to the evolution experiment. 
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Table 6.1. Strains referred to in this chapter. Note that all 3 strains evolved in decreasing dNS concentrations expressing 

the modified E. coli phosphorylase enzyme failed to reach Transfer 45 of the evolution experiment and are therefore not 

including in sequencing results. 

STRAIN 
NAME 

FULL STRAIN NAME DNS 
CONDITIONS  

ΔRNR REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK (ancestor of all later 
ΔRNR31-derived strains) 

NA (unevolved) 

DgPnp  REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, DgPnp + pMAL::zm-pdc  (ancestor of all evolved DgPnp strains) 

NA (unevolved) 

AbPpnp  REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, AbPpnp + pMAL::zm-pdc  (ancestor of all evolved AbPpnp strains) 

NA (unevolved) 

EcPnp REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, EcPnp + pMAL::zm-pdc (ancestor of all evolved EcPnp strains) 

NA (unevolved) 

DgPnp T45.1 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, DgPnp + pMAL::zm-pdc  Transfer 45, strain 1 

Decreasing (20nM) 

DgPnp T45.2 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, DgPnp + pMAL::zm-pdc Transfer 45, strain 2 

Decreasing (20nM) 

DgPnp T45.3 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, DgPnp + pMAL::zm-pdc Transfer 45, strain 3 

Decreasing (20nM) 

AbPpnp T45.1 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, AbPpnp + pMAL::zm-pdc  Transfer 45, strain 1 

Decreasing (20nM) 

AbPpnp T45.2 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, AbPpnp + pMAL::zm-pdc  Transfer 45, strain 2 

Decreasing (20nM) 

AbPpnp T45.3 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, AbPpnp + pMAL::zm-pdc  Transfer 45, strain 3 

Decreasing (20nM) 

DgPnp C45.1 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, DgPnp + pMAL::zm-pdc  Constant (C)  45, strain 1 

Constant (1mM) 

DgPnp C45.2 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, DgPnp + pMAL::zm-pdc  Constant (C)  45, strain 2 

Constant (1mM) 

DgPnp C45.3 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, DgPnp + pMAL::zm-pdc  Constant (C)  45, strain 3 

Constant (1mM) 

AbPpnp C45.1 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, AbPpnp + pMAL::zm-pdc  Constant (C)  45, strain 1 

Constant (1mM) 

AbPpnp C45.2 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, AbPpnp + pMAL::zm-pdc  Constant (C)  45, strain 2 

Constant (1mM) 

AbPpnp C45.3 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, AbPpnp + pMAL::zm-pdc  Constant (C)  45, strain 3 

Constant (1mM) 

EcPnp C45.1 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, EcPnp + pMAL::zm-pdc  Constant (C)  45, strain 1 

Constant (1mM) 

EcPnp C45.2 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, EcPnp + pMAL::zm-pdc  Constant (C)  45, strain 2 

Constant (1mM) 

EcPnp C45.3 REL606ΔnrdABΔnrdDGΔnrdHIEF + pBAD33::mm-dAK, +pCOLA::mm-
dAK, EcPnp + pMAL::zm-pdc  Constant (C)  45, strain 3 

Constant (1mM) 

 

All 19 strains were sequenced on a single HiSeq lane, yielding 24.64GB of data over 

271,887,492 million reads. This averaged out at 14,309,868 reads ± 8,657,246.7 per sample, at 

an average size of 150bp. A lot of the variation in average read length per sample yielded from 

two of the evolved DgPnp T45 strains (T45.1 and T45.3), which both only had ~300,000 reads 

each. As this was not enough coverage to confidently call mutations, these two samples were 

excluded from downstream analyses. Once these two samples were excluded, the coverage 

from all of these reads worked out to 8,808X coverage per sample. The raw reads for these 
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samples were trimmed using BBDuk and merged using the BBMerge plug-in (Bushnell et al., 

2017) in Geneious Prime 2021.2 (Kearse et al., 2012) to decrease the size of the datasets prior 

to assembly so that an excessive number of reads were not being mapped. Any reads below 

Q30 in quality and below 100bp in length were removed. Paired reads were merged, discarding 

any that did not merge and were mapped to the REL606 reference sequence with the nrd genes 

removed using the Bowtie2 (Langmead and Salzberg, 2012) plugin in Geneious Prime 2021.2.  

This gave a final average coverage of 167.3 x ± 82.8 per sample. Variants were called using 

the Find Variants/SNPs tool in Geneious Prime, specifying a minimum variant frequency of 

75%. This revealed an average of 378.75 ± 35.5 mutations for the strains evolved in lowering 

concentrations of dNS, compared to 199 ± 79.1 mutations in the strains evolved in a constant 

dNS concentration of 1mM. The ΔRNR ancestor had 22 mutations relative to the REL606 

ancestor, while the DgPnp, AbPpnp and EcPnp ancestor strains had an average of an additional 

1.7 ± 0.6 mutations per strain. A summary of all assemblies is given in Table 6.2 below.  

Table 6.2. Summary of assemblies and variants seen in evolved ΔRNR and control strains at transfer 45, and their ancestral 

strains.  

STRAIN VARIANTS RELATIVE TO 
(MAPPED SEQUENCE) 

COVERAGE (±SD) VARIANTS 

ΔRNR REL606 (-nrdAB, nrdDG, 
nrdHIEF) 

45.6 ± 10.5 24 

DgPnp T0 ΔRNR 208.2 ± 51.9 1 
AbPpnp T0 ΔRNR 194.7 ± 40.8 2 
EcPnp T0 ΔRNR 249.2 ± 65.6 2 
DgPnp T45.2 DgPnp T0 47 ± 35.8 386 
AbPpnp T45.1 AbPpnp T0 22 ± 7.8 421 
AbPpnp T45.2 AbPpnp T0 27.4 ± 10.1 373 
AbPpnp T45.3 AbPpnp T0 93.4 ± 35.3 335 
DgPnp C45.1 DgPnp T0 211.4 ± 49.2 231 
DgPnp C45.2 DgPnp T0 189 ± 79.8 283 
DgPnp C45.3 DgPnp T0 188.3 ± 48.6 311 
AbPpnp C45.1 AbPpnp T0 202.3 ± 51.3 186 
AbPpnp C45.2 AbPpnp T0 220.5 ± 64.8 186 
AbPpnp C45. AbPpnp T0 238.2 ± 57.7 188 
EcPnp C45.1 EcPnp T0 247.1 ± 129 50 
EcPnp C45.2 EcPnp T0 207.3 ± 47.4 124 
EcPnp C45.3 EcPnp T0 231 ± 58.9 233 

 

6.3.2 Whole genome sequencing of evolution experiment ancestors reveals mutations to the 

cytidine deaminase gene in all three strains 

As part of the sequencing of the evolved DgPnp, AbPpnp and EcPnp strains, the ancestor of 

each of the three strains was also sequenced to serve as a reference sequence for all of the 

assemblies of the evolved genomes. This allows us to determine when certain mutations 
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occurred, and also be confident that any parallel mutations that we do observe have occurred 

during the evolution experiment. Sequencing of the ancestors revealed that all three strains 

(DgPnp T0, AbPpnp T0 and EcPnp T0) had gained mutations to the cytidine deaminase gene 

(cdd) (Table 6.3). In DgPnp and AbPpnp, the same deletion of the majority of cdd as well as 

part of the yohK inner membrane protein occurred, while EcPnp had a frameshift mutation (-

T) resulting in a premature stop codon being introduced into the protein sequence.  

Table 6.3. Mutations to cdd in the T0 strains resulted in either loss or truncation of the gene in all three DgPnp, AbPpnp and 
EcPnp T0 ancestors 

STRAIN LOCATION RELATIVE TO REL606) TYPE OF MUTATION EFFECT 

DgPnp T0 2,182,560-2,183,861 Deletion Deletion of first 260 
residues of cdd, and 102-
301 of yohK 

AbPpnp T0 2,182,560-2,183,861 Deletion Deletion of first 260 
residues of cdd, and 102-
301 of yohK 

EcPnp T0 2,183,350 Deletion (-T) Frameshift at position 90, 
truncation at residue 113. 
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6.3.3 90% of mutations skew towards A/T->G/C 

To investigate whether there was a skew in the types of mutations in our experiment, we have 

looked at the number of A/T to G/C or G/C to A/T mutations across all synonymous, non-

synonymous and non-coding single nucleotide polymorphisms across all strains at T45. This 

revealed a large skew towards A/T to G/C mutations in all of our strains (Figure 6.1), with 90% 

of our mutations being this type of change. This proportion did not change if the experiment 

was split up into those that were evolved in decreasing concentrations of dNS or constant 

(1mM) dNS, with 90% of mutations in both of these strains going from A/T to G/C. This 

indicates that the DNA content in our strains is moving towards a higher GC content. 

 

Figure 6.1. Skew towards G/C seen across all synonymous, non-synonymous and non-coding single nucleotide polymorphisms 

in evolved DgPnp, AbPpnp and EcPnp strains. 

6.3.4 Many non-synonymous mutations occurred in protein coding genes in all T45 evolved 

strains 

Sequencing of the evolved DgPnp, AbPpnp and EcPnp strains revealed large numbers of 

mutations in all evolved strains at T45, irrespective of whether they had been evolved in a 

constant concentration of dNS, or in a decreasing concentration. We next investigated the types 

of mutations that occurred in these strains, in order to gain an idea of how these strains have 

responded to the loss of ribonucleotide reduction. We saw large numbers of non-synonymous 

mutations in these strains (Table 6.4).  
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Table 6.4. Summary of types of mutations occurring in evolved ΔRNR strains 

STRAIN NON-
SYNONYMOUS 
SNPS 

SYNONYMOUS 
SNPs 

NON-
CODING 
SNPs 

INDELS 

DgPnp T45.2 216 94 27 43 
AbPpnp T45.1 241 123 49 8 
AbPpnp T45.2 208 116 42 7 
AbPpnp T45.3 191 94 47 3 
DgPnp C45.1 141 55 30 5 
DgPnp C45.2 160 80 37 6 
DgPnp C45.3 168 100 39 4 
AbPpnp C45.1 96 59 24 8 
AbPpnp C45.2 103 53 23 7 
AbPpnp C45 114 45 25 5 
EcPnp C45.1 28 8 13 1 
EcPnp C45.2 62 40 21 1 
EcPnp C45.3 140 67 21 5 

 

To further investigate the functional effect of the non-synonymous mutations, we have run all 

the non-synonymous mutations through PROVEAN (Choi and Chan, 2015), using the score of 

-2.5 for a threshold of mutations being considered deleterious. Across the entire evolution 

experiment, a total of 1080 mutations were below that threshold of -2.5 and classified as 

deleterious, representing 56% of the total mutations where PROVEAN scores were able to be 

calculated. This broke down further into those strains evolved in decreasing dNS 882 total 

mutations (56%) were classified as deleterious, while those grown in a constant concentration 

of dNS had 1018 (57%) of their mutations classified as deleterious. There was no significant 

difference between the PROVEAN scores seen in the strains evolved in decreasing or constant 

dNS (p-value = 0.7237, Mann Whitney U). The PROVEAN scores of each strain is given in 

Figure 6.2 below. 
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Figure 6.2.PROVEAN predicts large numbers of deleterious mutations in evolved DgPnp, AbPpnp and EcPnp strains. The 

mutated protein sequences from coding genes with non-synonymous changes were run through PROVEAN (Choi and Chan, 

2015) to gain an idea of the impact of the mutations that have been observed in our evolved triple knock-out strains, with any 

mutation with a score lower than -2.5 classified as a deleterious mutation. The error bars display the mean for each strain, 

±SD. The mean for all evolved strains is below -2.5 irrespective of whether they were grown in constant or decreasing dNS, 

indicating that on average our mutations were deleterious. 

6.3.5 Parallel mutations occurred across strains 

As a large number of mutations were observed in this evolution experiment, we were also 

interested in establishing the level of parallel mutation occurring in these strains. A G score 

statistic was calculated for the entire experiment, as well as the strains grown in decreasing 

dNS and constant dNS independently, and were compared to control simulated datasets with 

the same number of mutations occurring randomly across the genome. If samples have scores 

that are higher than the simulated control, this indicates that parallel mutations are occurring 

more frequently than what would be expected under a random model. For each of the three 

options, the G score was summed to give a total value to compare to the number of mutations 

that had occurred in the 1,000 simulated mutation genomes. This revealed slightly higher 

summed G scores in all of the evolved DgPnp, AbPpnp and EcPnp strains compared to the 

simulated control genomes, with all evolved lines having a summed G score of 12,009.35, 

while the control genomes with the same number of mutations had a score of 10,853.12 ± 

75.07. When the two experiments were broken down into the constant and decreasing 
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concentrations, the constant concentration gave a summed G score of 6028.67 compared to the 

control at 5835.92 ± 58.42, while those grown in decreasing concentrations gave a score of 

5,367.81 with the control giving 5018.77 ± 44.77. All calculated G-scores across the genome 

for those evolved in low and constant dNS were statistically higher than their simulated 

counterpart (p=<0.0001 in all cases, Mann Whitney U). A summary of the 20 highest scoring 

genes for all conditions tested are given in Tables 6.5 and 6.6. 
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Table 6.5. Top 20 observed G scores across ΔRNR strains grown in decreasing dNS (*non-synonymous mutations also seen 
in the ΔRNR strains evolved in a constant concentration of dNS) 

GENE LOCUS TAG PRODUCT CODING 

LENGTH 

# OF PARALLEL 

NON-

SYNONYMOUS 

MUTATIONS 

EXPECTED 

G SCORE 

OBSERVED 

G SCORE 

tauB ECB_RS01660 taurine ABC transporter ATP-
binding subunit 

768 5 0.052 45.75 

tsx ECB_RS01885 nucleoside-specific channel-
forming protein Tsx 

774 5 0.052 45.67 

ybiO ECB_RS04130 mechanosensitive channel 
protein 

2222 6 0.149 44.34 

purM ECB_RS12600 phosphoribosylformylglycinami
dine cyclo-ligase 

1038 5 0.070 42.74 

ulaA* ECB_RS21610 PTS ascorbate transporter 
subunit IIC 

1398 5 0.094 39.76 

ais ECB_RS11475 histidine phosphatase family 
protein 

603 4 0.040 36.75 

ydjZ* ECB_RS09080 TVP38/TMEM64 family 
protein 

708 4 0.047 35.47 

tsf ECB_RS00875 translation elongation factor Ts 852 4 0.057 33.99 
yeiH ECB_RS11005 YeiH family protein 1050 4 0.070 32.31 
yehP ECB_RS10805 VWA domain-containing 

protein 
1129 4 0.076 31.73 

cpsG* ECB_RS10355 colanic acid biosynthesis 
phosphomannomutase CpsG 

313 3 0.021 29.77 

cusS ECB_RS02780 Cu(+)/Ag(+) sensor histidine 
kinase CusS 

1449 4 0.097 29.74 

mngA* ECB_RS03640 PTS 2-O-a-mannosyl-D-
glycerate transporter subunit 
IIABC 

1977 4 0.133 27.25 

purE ECB_RS02460 5-(carboxyamino)imidazole 
ribonucleotide mutase 

506 3 0.034 26.89 

tapT ECB_RS13065 tRNA-uridine 
aminocarboxypropyltransferase 

699 3 0.047 24.95 

ygbM ECB_RS13685 HPr family phosphocarrier 
protein 

777 3 0.052 24.32 

atpB ECB_RS19145 F0F1 ATP synthase subunit A 816 3 0.055 24.02 
hdfR ECB_RS19275 HTH-type transcriptional 

regulator HdfR 
840 3 0.056 23.85 

yneJ* ECB_RS07850 LysR family transcriptional 
regulator 

882 3 0.059 23.56 

nadC ECB_RS00570 carboxylating nicotinate-
nucleotide diphosphorylase 

894 3 0.060 23.47 
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Table 6.6. Top 20 observed G scores across ΔRNR grown in constant (1mM) dNS (*non-synonymous mutations in this gene 
also present in ΔRNR strains evolved in decreasing concentrations of dNS) 

GENE LOCUS TAG PRODUCT CODING 

LENGTH 

# OF PARALLEL 

NON-

SYNONYMOUS 

MUTATIONS 

EXPECTED 

G SCORE 

OBSERVED 

G SCORE 

galU ECB_RS06435 UTP--glucose-1-phosphate 
uridylyltransferase GalU 

909 7 0.061 66.40 

serB ECB_RS22730 phosphoserine phosphatase 969 6 0.065 54.30 
rpoC* ECB_RS20530 DNA-directed RNA 

polymerase subunit beta' 
4224 7 0.283 44.90 

gspC ECB_RS14995 type II secretion system 
protein GspC 

816 4 0.055 34.33 

ydiR ECB_RS08800 electron transfer 
flavoprotein subunit alpha 

939 4 0.063 33.21 

manX ECB_RS09440 PTS mannose transporter 
subunit IIAB 

972 4 0.065 32.93 

 ECB_RS01680 autotransporter outer 
membrane beta-barrel 
domain-containing protein 

198 3 0.013 32.52 

gspL ECB_RS14950 type II secretion system 
protein GspL 

1164 4 0.078 31.49 

 ECB_RS14930 CDP-glycerol 
glycerophosphotransferase 
family protein 

1377 4 0.092 30.14 

trkH ECB_RS19790 Trk system potassium 
transporter TrkH 

1452 4 0.097 29.72 

cls ECB_RS06490 cardiolipin synthase 1461 4 0.098 29.67 

pepA ECB_RS21950 leucyl aminopeptidase 1512 4 0.101 29.40 

rpoB* ECB_RS20525 DNA-directed RNA 
polymerase subunit beta 

4029 5 0.270 29.18 

 ECB_RS04430 Rz-like lysis system protein 
LysB 

425 3 0.029 27.94 

rhsA* ECB_RS18260 RHS domain-containing 
protein 

443 3 0.030 27.69 

ppdA ECB_RS14135 prepilin peptidase-
dependent protein 

461 3 0.031 27.45 

 ECB_RS21675 FAD-binding protein 2073 4 0.139 26.87 

ycbV ECB_RS05000 type 1 fimbrial protein 516 3 0.035 26.77 

yncD ECB_RS07480 TonB-dependent receptor 2103 4 0.141 26.78 

dinG* ECB_RS04085 ATP-dependent DNA 
helicase DinG 

2151 4 0.144 26.58 

 

6.3.6 Parallel mutations seen in inner membrane and cell wall proteins, as well as proteins 

involved in transport  

As part of our evolution experiment, we might expect to see mutations that point to one of two 

things: utilisation of the DERA pathway or mutations in pathways that result in better 

utilisation of the limited dNS in the media. For the first option, this might involve mutations to 

promoter regions of the genes expected to be involved in the reverse DERA pathway, or 
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mutations in genes that might lead to the substrates required for the reverse DERA pathway to 

operate, such as in the production of the glyceraldehyde 3-phosphate or acetylaldehyde. If the 

cells are instead evolving to better utilise the limited resources, then we might expect to see 

mutations that target transport of dNS into the cell. Because of this, we more closely 

investigated the function of the genes where we saw higher than expected rates of parallel 

mutations occurring. This revealed a number of genes that were mutated multiple times in both 

experimental conditions, as well as individually in the two conditions. Parallel mutations seen 

in both strains were seen in genes such as ulaA and mngA, both of which are involved in 

phosphorylation of sugar substrates while they are translocated across the cell membrane.  

ulaA is primarily involved with metabolism of ascorbate (Wen Shan Yew and Gerlt, 2002). L-

ascorbate can ultimately be metabolised to glyceraldehyde 3-P though L-ascorbate-6P and D-

xylulose-5P intermediates, although investigation of the KEGG pathway database for REL606 

reveal that an enzyme for the final key conversion to produce glyceraldehyde 3-P from 

xylulose-5P is not defined in our strain (Kanehisa and Goto, 2000; Kanehisa et al., 2021). 

mngA is instead associated with mannosyl-D-glycerate metabolism, and can be used as a sole 

carbon source in E. coli (Sampaio et al., 2004). This pathway is also known to transport 

alternative substrates with low efficiency (Sampaio et al., 2004), so it could be possible that 

this is being used for one of the alternative substrates that were provided in the EZ rich media 

to drive production of glyceraldehyde 3-P. Both ulaA and mngA mutations hint at a potential 

path towards use of the reverse DERA pathway. 

We also saw mutations in ydjZ, an inner membrane protein. This is part of a family of proteins 

referred to as the DedA family. While a number of these are known to be essential in E. coli, 

ydjZ is not classified as essential (Boughner and Doerrler, 2012). The exact function of the 

DedA protein family in E. coli is not known although it is predicted that they are involved in 

membrane transport and drug resistance (Kumar and Doerrler, 2014), so could be involved 

with transport of dNS into the cell. 

For the strains grown in decreasing concentrations of dNS we saw further mutations in a 

channel protein (YbiO) that plays a role in protecting against hypoosmotic stress in the 

presence of NaCl (Edwards et al., 2012). NaCl was supplied in our media, so this could be 

involved with media adaptation. In addition to this, we saw parallel mutations to a phosphatase 

involved in the dephosphorylation of heptose(II) at the outer membrane (Ais) (Bociek et al., 

2015), and further mutations in an additional inner membrane protein that does not appear to 
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be well-characterised (YeiH). These may also point to the importance of substrate import for 

these strains, either for the DERA pathway or for the uptake of dNS. 

The gene with the highest G score in those strains evolved in lowering concentrations of dNS 

is a taurine import binding protein (tauB). Despite having the highest score, four out of five of 

the mutations seen in this gene occurred in a single strain, with mutations to this gene only 

represented in AbPpnp T45.2 and AbT45.3 (Table 6.7). The mutations in Ab T45.2 all occur 

in a similar region, while the mutation in AbT45.3 caused a truncation of this protein entirely. 

These are usually expressed only under conditions of cysteine or sulphur starvation (Eichhorn 

et al., 2000), and as we have supplied cysteine in our media these will likely have little effect 

in these conditions. 

Table 6.7. Parallel mutations to tauB seen in AbPpnpT45.2 and AbPpnp T45.3 

STRAIN LOCATION MUTATION EFFECT 

AbPpnp T45.2 355,335 T -> C V74A 

AbPpnp T45.2 355,356 T -> C L81P 

AbPpnp T45.2 355,386 T -> G V91G 

AbPpnp T45.2 355,398 T -> C L95P 

AbPpnp T45.3 355,427 C -> T R105* 

 

Interestingly, tsx was seen to be mutated in all four strains evolved in decreasing concentrations 

of dNS. This is a nucleoside-specific channel-forming protein that normally contains an 

internal stop codon that prevents expression in E. coli REL606, although this mutation is not 

present in E. coli BL21 (the ancestor of REL606). DgPnp T45.2, AbPpnp T45.1, T45.2 and 

T45.3 obtained three independent mutations to this stop codon, resulting in readthrough of the 

internal stop codon in all instances (Figure 6.3), adding an additional 37 residues to the end of 

the protein. In addition to this, AbPpnp T45.1 had an additional non-synonymous mutation to 

this gene resulting in a T144A change to the protein sequence (Figure 6.3A). This channel is 

specific for the transport of deoxyribonucleosides (Nieweg and Bremer, 1997), which we have 

specifically supplied in limited, decreasing, concentrations in the media. An ability to better 

import dNS will be important for these strains if they are not able to effectively synthesise dNS 

via the reverse DERA pathway. 
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Figure 6.3. Mutations in the nucleoside-specific channel-forming (tsx) gene in all  ΔRNR strains evolved in decreasing dNS 

cause read-through of an internal stop codon. A close-up view of the mutations shows a change from a G to an A at position 

773 of the nucleotide sequence in REL606 has introduced the stop codon, with AbPpnp T45.2 and AbPpnp T45.3 reverting 

back to the same genotype as BL21 with aa A to G change. DgPnp T45.2 and AbPpnp T45.1 have also eliminated the stop 

codon, with a G to T change at position 774 resulting in a change to a tyrosine residue, and a T to C change at position 772 

leading to a glutamine residue respectively.  

The strains that were grown in a constant high (1mM) concentration of dNS showed additional 

parallel mutations to an additional gene involved in the phosphorylation of mannose during 

translocation (manX), as well as two proteins thought to be involved in the secretion of proteins 

that are not expressed in E. coli K12 due to the presence of the hns repressor (gspC and gspL). 

Other parallel mutations were also seen to outer membrane proteins (ECB_RS01680) and 

receptors (yncD), proteins involved in cell wall synthesis (galU) and a protein involved with 

the production of cardiolipin in the inner cell membrane (cls).  

 

6.3.7 Parallel mutations in transcription, replication and DNA metabolism 

In addition to the mutations we saw above, we also saw a number of parallel mutations in genes 

coding for proteins related to transcription and DNA metabolism. As we have fundamentally 

altered the way by which these strains are accessing dNS through the knock-out of 

ribonucleotide reduction, these mutations could be playing a key role in how these enzymes 

are interacting with DNA and an nucleotide metabolism. For those strains grown in lowering 

concentrations of dNS, additional parallel mutations were seen to proteins involved in purine 

metabolism (purM) and ribonucleotide mutase (purE). purM and purE are both part of the de 

novo IMP biosynthesis pathways. We would expect the ribonucleoside pools in our strains to 

be high due to the loss of ribonucleotide reductase, and these mutations could result in 
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decreased production of IMP to aid in regulation of the pool size as analysis of KEGG pathways 

reveals that IMP can serve as a precursor for both AMP and GMP (Kanehisa and Goto, 2000; 

Kanehisa et al., 2021). Consistent with this, PROVEAN classified all five mutations to purM 

to be deleterious, with two of the mutations (in DgPnp T45.2 and AbPpnp T45.1) resulting in 

a truncation of the protein. A similar pattern was seen for purE, where all 3 mutations seen in 

AbPpnp T45.1, AbPpnp T45.2 and DgPnp T45.2 were classified as deleterious, and in one case 

(DgPnp T45.2) resulted in a truncation of the protein. 

For all evolved strains, shared parallel mutations were seen to the yneJ transcription factor 

(exact function unknown), DNA helicase (dinG), a helicase found to play a role in alleviating 

replication blockage (Boubakri et al., 2010), and three subunits of DNA-directed RNA 

polymerase (rpoB, rpoC and rpoD). The effect of the mutations to DNA-dependent RNA 

polymerase was further investigated. 

6.3.8 Parallel mutations observed in DNA-dependent RNA polymerase genes  

Further investigating these parallel mutations might help to elucidate exactly how the strains 

are evolving in response to the loss of ribonucleotide reduction. The gene with the highest 

number of mutations after our evolution experiment in both strains evolved in constant and 

decreasing dNS was the DNA-directed RNA polymerase subunit β (rpoB) gene, with 9 non-

synonymous mutations across six strains, closely followed by the DNA-directed RNA 

polymerase subunit β ' (rpoC) gene with 8 non-synonymous mutations across six strains, 

although these were not the two highest-scoring mutations by the G score metric due to the 

length of these genes. If we also include synonymous mutations that occurred in these genes, 

these values go up to 11 and 9 respectively. It is also important to note that these are not the 

only mutations we saw to the DNA-directed RNA polymerase holoenzyme. RpoD (RNA 

polymerase sigma factor RpoD) also saw four non-synonymous mutations across the evolved 

strains. Further details of the mutations can be found in Table 6.8. 

6.3.9 Structural modelling of polymerase mutations 

The fact that we have seen so many mutations in DNA-dependent RNA polymerase 

holoenzyme during such a short number of transfers indicates its importance in adapting to the 

loss of ribonucleotide reduction. Understanding where these changes are occurring may help 

to elucidate whether they are playing a role in key functions such as template binding, or 

assembly of the enzyme. 
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To firstly look into whether the mutations we had seen to the four DNA-directed RNA 

polymerase holoenzyme (rpoB, rpoC and rpoD) are common throughout other bacteria, or 

whether these changes are unique to the context of our experiment, we aligned all available 

RpoB, RpoC and RpoD protein sequences from the UniProt database in Geneious Prime using 

the MUSCLE plug-in. 739 full bacterial protein sequences were available for RpoB, revealing 

that all changes we saw in our evolved strains to this protein were either uncommon, or not 

seen at all in other bacterial species  (Figure 6.4, Table 6.8). In particular, the N139S and Q148P 

occurred in regions with very high levels of conserved sequence across bacteria. RpoC had 748 

available reviewed bacterial protein sequences in the UniProt database, with these showing a 

similar patten to RpoB (Figure 6.5), with many of the residues being uncommon to bacteria 

phyla, although these residues were less conserved overall.  

77 reviewed bacterial protein sequences were available for RpoD. These revealed less 

conservation across sites (Figure 6.6), but our changes were also rarely seen across other 

bacteria (Table 6.8). Interestingly, in cases where mutational changes were seen in other 

species, these were often changes to residues seen in organisms known to salvage nucleotides 

from their host, including Borrelia (Pettersson et al., 2007), Mycoplasma (Mitchell and Finch, 

1977), Chlamydia (McClarty and Qin, 1993), and others. 
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Table 6.8. Mutations seen in the DNA-directed RNA polymerase subunits in the evolved T45 strains, and other organisms 

where these mutations are seen 

DNA-directed RNA polymerase subunit β (rpoB) 
STRAIN MUTATION MUTATED RESIDUE ALSO SEEN IN… 

AbPpnp C45.3 N139S Dehalococcoides 
AbPpnp C45.1 Q148P none 
AbPpnp T45.3 D303G none 
EcPnp C45.2 S305P Aquifex aeolicus 
AbPpnp T45.3 L363P none 
AbPpnp T45.3 N406S Borrelia,  Mycoplasma, Chomobacterium and Alkaphilus 
DgPnp T45.2 N622S Buchnera, Mycoplasma, Borrelia, Lawsonia and Bartonella 
EcPnp C45.2 N1324S Mycoplasma pulmonis and Hydrogenovibrio crunogenus 
DNA-directed RNA polymerase subunit β ' (rpoC) 
AbPpnp C45.2, AbPpnp C45.3 L120P Endomicrobium trichonymphae 
EcPnp C45.1, EcPnp C45.2, 
DgPnp T45.2 

L120R none 

DgPnp C45.1 Y772H none 
EcPnp C45.2 H897R Xanthomonas, Leptospira, Bacillus, Lactobacillus, Clostridium, and 

others 
AbPpnp C45.2 Y1099C none 
RNA polymerase σ factor RpoD (rpoD) 
DgPnp T45.2 V255A Chlamydia, Leptospira, Agrobacterium, Rhizobium 
DgPnp T45.2 V333A Chlamydia 
EcPnp C45.3 D521G none 
DgPnp C45.3 T527P none 
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Figure 6.4. Alignment of DNA-directed RNA polymerase subunit beta (rpoB) reveals mutations in the evolved ΔRNR strains 

were not frequently seen in other bacteria. All 739 reviewed RpoB protein sequences from UniProt were aligned using the 

MUSCLE plug-in in Geneious Prime 2021.2, with black arrows used to indicate the locations of mutations. A) Position 139 

of RpoB reveals that asparagine is the most conserved residue, and that serine was only observed in one species. B) Glutamine 

was heavily conserved at position 148, with no instances of proline being observed at this site. C) D303 and S305 were the 

most conserved residues at both these positions, although the two sites were more variable than what was otherwise seen. For 

position 303, glycine was not seen in any of the 739 aligned sequences, while for position 305, proline was only observed in 

one other species. D) No proline was observed at position 363, with leucine being the most frequent residue at this position. 

E) Asparagine was very well-conserved at position 406, with serine being the next most frequently-seen variant. F) Position 

622 was quite variable, with proline being the most conserved residue at this position and asparagine only being the third most-

common, although serine was also seen in a number of other species. G) Asparagine was the most conserved residue at position 

1324, with serine seen in only two other species.  
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Figure 6.5. Alignment of DNA-directed RNA polymerase subunit beta ′ (rpoC) reveals mutations in the evolved ΔRNR strains 

were not frequently seen in other bacteria. All 748 reviewed RpoC protein sequences from UniProt were aligned using the 

MUSCLE plug-in in Geneious Prime 2021.2, with black arrows used to indicate the locations of mutations. A) Position 120 

saw leucine as the most frequent residue, with proline only seen in one other organism and arginine not seen at all. B) Tyrosine 

was the most conserved residue at position 722, with our histidine mutation not seen at all in any of the other sequences in our 

alignment. C) Position 897 was more variable, with lysine being the most frequent residue, followed by histidine. Arginine 

was represented in a number of other species. D) Tyrosine was the most well-represented residue at position 1099, with our 

cysteine mutation not being seen in any other sequences.  
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Figure 6.6. Alignment of RNA polymerase sigma factor reveals a mix of mutations in both conserved an non-conserved 

regions. The 77 reviewed bacterial protein sequences for RpoD were aligned using the MUSCLE plug-in in Geneious Prime 

2021.2, with black arrows indicating the positions where mutations occurred. A) Position 255 had a lot of variation, with 

alanine as the most frequent residue at this position so that our V255A mutation resulted in a change to a more conserved 

residue. B) Valine was the most frequent residue at position 333, with alanine (V33A) only represented in three species of the 

alignment. C) Position 521 saw heavy conservation of aspartic acid, with no glycine (D521G) seen at this position. D) Tyrosine 

was the most conserved residue at position 527, with the position being more variable. Proline (T527P) was not seen at all in 

our alignment at this position.  

We then set out to look closer at where in the RNA polymerase holoenzyme that our mutations 

had occurred to gain an understanding of how they might be affecting protein function. A 

homology model was generated using SWISS model and the 6XL9 structure of DNA-

dependent RNA polymerase from E. coli (Yang et al., 2021). This modelling revealed that the 

17 mutations we have observed in total across this entire holoenzyme are spread across the 

entire structure (Figure 6.7). Several of the mutations seem to be in close proximity to the DNA 

template. We have then looked at previous literature to see if any of these mutations have 

occurred close to known binding sites, or other important residues. This identified the Q148P 

mutation to RpoB specifically as a mutation that results in the destabilisation of the enzyme, 

and has been shown to help reduce stalling of the polymerase on the DNA template in UV-

irradiated cells (Figure 6.8A-B) (Trautinger and Lloyd, 2002). This mutation also occurred in 

close proximity of residue R151, known to interact with the core recognition element (CRE) in 

the non-template strand, along with a suite of other key residues (Figure 6.8C-D) (Zhang et al., 
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2012). The H897R mutation in RpoC has occurred in close proximity to a known cysteine motif 

at positions C888, C895 and C898, involved in binding zinc, with these three key residues 

important for enzyme assembly (Figure 6.8C-D) (Markov et al., 1999). The D521G mutation 

seen in RpoD was also found to be adjacent to the F522 position known for binding the DNA 

template (Zhang et al., 2012), and appears to have changed the binding of this residue slightly 

in our homology model (Figure 6.8E-F). 
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Figure 6.7. Non-synonymous changes observed in the DNA-dependent RNA polymerase genes in the evolved ΔRNR DgPnp, 

AbPpnp and EcPnp strains after 45 transfers. The α, β, β′and σ factor subunits are displayed in this homology model generated 

using SWISS model and the 6XL9 structure from PDB (Yang et al., 2021), with two views displayed to show all changes. The 

grey subunit corresponds to the α subunit, green with red spheres is the β subunit, while light purple with pink spheres is the 

β′subunit. The light blue subunit with orange spheres is the RpoD σ factor. Each mutation is highlighted with the 

aforementioned coloured spheres, with the labels referring to each mutation. RpoB: N139S (AbPpnp C45.3), Q148P (AbPpnp 

C45.1), D303G (AbPpnp T45.3), S305P (EcPnp C45.1, EcPnp C45.2), L363P (AbPpnp T45.3), N406S (AbPpnp T45.3), 

N622S (DgPnp T45.2), N1324S (EcPnp C45.2); RpoC: L120P (AbPpnp C45.2, AbPpnp C45.3), L120R (DgPnp T45.2, EcPnp 

C45.1, EcPnp C45.2), Y772H (DgPnp C45.1), H897R (EcPnp C45.2), Y1099C (AbPpnp C45); RpoD: V255A (DgPnp T45.2), 

V333A (DgPnp T45.2), D521G (EcPnp C45.3), T527P (DgPnp C45.3). 
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Figure 6.8. Mutations in the DNA-dependent RNA polymerase holoenzyme have occurred in regions known for DNA 

and cofactor binding, as well as in a residue specifically associated with enzyme destablisation. To visualise the changes 

we have seen to the protein sequence we have generated a homology model using the mutated RpoB, RpoC and RpoD protein 

sequences using SWISS-MODEL and the structure of the DNA-dependent RNA polymerase bound to DNA during the initial 

steps of transcription (6XL9) (Yang et al., 2021). A) Glutamine at position 148 was changed to B) proline in AbPpnp C45.1. 

This residue is known to be in close proximity to an arginine residue at position 151 that is part of a key set of residues that 

interact with the core recognition element on the non-template strand (Zhang et al., 2012). C-D) The key set of residues are 

shown in proximity to the Q148P change seen in AbPpnp C45.1. These residues include R151, W183, D199, R371, R394, 

I445, D445, R451, L538 and V547, and are known to interact with positions -4, -3, -2, +1 and +2 of the core recognition 

element (Zhang et al., 2012). Our specific mutation has also been shown to decrease polymerase stalling in UV-irradiated cells 

(Trautinger and Lloyd, 2002). E) A histidine residue at position 897 was mutated to an F) arginine in EcPnp C45.2. This 

mutation occurred in close proximity of three key cysteine residues at positions 888, 895 and 898. These residues are known 

to be involved with zinc binding, and polymerase assembly (Markov et al., 1999). G) Asparagine at residue 521 was mutated 

to H) glycine in EcPnp C45.2. This mutation was immediately adjacent to a phenylalanine at position 522 that is known for 

binding the DNA template (Zhang et al., 2012). 

 

 

 



Chapter 6 | Genome analysis of evolved ribonucleotide reductase knock-out strains 

 229 

6.4. Discussion 

 

In Chapter 5 we successfully characterised a ΔRNR mutant, the first report of such a mutant in 

E. coli. Genome sequencing has now provided some insight into how these strains have 

responded to the loss of this function following an evolution experiment where dNS 

supplementation was reduced over time. These genomes have acquired a large number of 

mutations, despite this being a relatively short evolution experiment. Extensive parallel 

mutation was seen in several genes, with DNA-dependent RNA polymerase being heavily 

targeted, as well as several genes related to nucleotide biosynthesis, cellular transport and cell 

membrane biosynthesis. 

6.4.1 Skew of mutations towards a higher GC content 

In all of the evolved strains in this experiment we have seen a high skew from A/T to G/C 

mutations, with 90% of the mutations being of this type, irrespective of the conditions that the 

strains were evolved in (decreasing or constant dNS). We have also seen loss or truncation of 

cytidine deaminase in all three of the founding strains of our evolution experiment (DgPnp T0, 

AbPpnp T0 and EcPnp T0). A skew towards increased GC content might be expected in a cdd 

mutant if cytidine deaminase was normally acting on deoxycytidine to produce deoxyuridine, 

as it is known to do in other species (Moro-Bulnes et al., 2019). This could result in an increase 

in deoxycytidine pools and raise the likelihood of dCTP being erroneously incorporated into 

the genome, pushing up the genomic GC content. Interestingly, this is the opposite of what is 

seen in other organisms that also lack ribonucleotide reduction that instead scavenge 

nucleotides from their host (Boursaux-Eude et al., 1997; Fraser et al., 1997; Glass et al., 2000; 

Kosinska et al., 2005; Perez-Brocal et al., 2006). In many of these cases, such organisms have 

evolved to have a higher AT content in their genomes (Moran, 1996), so it could be possible 

that cytidine deaminase in these organisms is having an impact on the skew towards AT-rich 

genomes. Many of these species do also go through population bottlenecks and have small 

effective population sizes (Moran, 1996). If the small effective population size is contributing 

to the higher AT content in these organisms then we should be able to test this with our ΔRNR 

mutant lines by putting our strains through a series of population bottlenecks. If it is the 

population size determining the drive towards AT-rich genomes, we should see a switch 

towards higher AT content in the genome of the ΔRNR strains in response to the population 

bottlenecks. 
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6.4.2 Mutations in ΔRNR may aid dNS import 

We were motivated to knock-out ribonucleotide reduction in order to test whether the DERA 

pathway could operate in reverse, thus enabling synthesis of dNS when these would be in short 

supply. This hypothesis is consistent with evidence that the DERA pathway can operate in 

reverse in vitro (Barbas et al., 1990; Horinouchi et al., 2003, 2006a, 2006b), and is consistent 

with the view held by members of the prebiotic chemistry community that the DERA pathway 

would have preceded ribonucleotide reduction as a mechanism for synthesis of 

deoxyribonucleotides for DNA synthesis (Benner et al., 1989; Burton and Lehman, 2009). Our 

results to date do not support the hypothesis that DERA can operate in a cellular context when 

ribonucleotide reduction is absent. One possibility is that we have yet to find the appropriate 

conditions for this to occur. However, the mutations we have observed suggest that within the 

context of our own experiment, that these lines may instead be adapting to low dNS availability 

by improving import of dNS from the environment. 

We have seen a number of parallel mutations to ulaA (ascorbate), mngA (mannosyl-D-

glycerate) and manX (mannose). All of these genes make up components of PTS 

(phosphoenolpyruvate:sugar phosphotransferase systems) that are involved in the simultaneous 

import and phosphorylation of sugars in the cell (Kundig et al., 1964). While mngA is known 

to have low activity on other substrates (Sampaio et al., 2004), it could be possible that these 

enzymes are being co-opted for an alternative substrate supplied in the media. The dNS pools 

supplied in our media are being provided as nucleosides that lack phosphate groups, thus it 

reasonable to speculate that that such mutations could be working towards co-opting or 

rewiring of such pathways to favour phosphate addition to deoxyribonucleosides. Such a 

reaction would require ATP generation, and as we have provided a high concentration of 

glucose in our media, this could be provided through glycolysis. However, while the majority 

of these mutations were considered either neutral or slightly deleterious by PROVEAN, we did 

observe one frameshift mutation in mngA resulting in a truncation indicating that this may not 

be the case. 

If the DERA pathway was being used to produce dNS we might also expect parallel mutations 

to promoter regions of deo genes to be common, but we did not see this occurring. In addition 

to this, we might have also expected to see mutations whose products use acetylaldehyde (AA) 

as a substrate, such as alcohol dehydrogenases. AA use in the reverse DERA pathway would 
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likely require both increased production of AA (which we have provided through the 

introduction of pyruvate decarboxylase in Chapter 5), and diversion of AA away from the 

activity of alcohol dehydrogenases. We observed only one mutation to the adhE alcohol 

dehydrogenase in our strains, indicating that this may not be the case. The production of ethanol 

may also result in decreased growth rate, which is something that we have seen in our 

experiments. The absence of evidence of mutations in this pathway cast doubt onto the 

hypothesis originally proposed by Poole et al. (2011, 2014). 

The second type of mutations we proposed would occur are those that would result in better 

uptake of the limited dNS being supplied in the media. Interestingly, we have unintentionally 

used a strain of E. coli for our knock-outs that happens to have an inactivated tsx nucleoside 

channel through a point mutation introducing a stop codon. In all of our ΔRNR strains evolved 

in decreasing concentrations of dNS we have seen a reversion to this mutation. This channel 

has a high preference for transporting deoxyribonucleosides (Hantke, 1976), and it is known 

that this channel is responsible for the import of all dNSs in E. coli, with the exception of dC 

(Krieger-Brauer and Braun, 1980). The high number of parallel mutations in this strain point 

to the importance of importing dNS into the cell in the absence of ribonucleotide reduction and 

low concentrations of dNS, and potentially demonstrate that our ΔRNR knock-out strains are 

not utilising the reverse DERA pathway to produce their own deoxyribonucleosides at levels 

high enough to maintain cell growth.  

It is also important to consider that our evolution experiment was short. It could be possible 

that we are able to evolve better activity in DERA by extending the evolution experiment, 

continuing to decrease the dNS supplementation slowly over time. We could have also missed 

some sort of key element that is preventing the reverse DERA pathway from operating. For 

example, deoR codes for the repressor of the deo operon, and we have not knocked this out. It 

could still be possible that a repressor such as deoR is preventing operation of a key step in the 

reverse DERA pathway, but if selection for the reverse DERA pathway was strong enough, we 

would have expected to see the number of mutations targeting this gene to be high and have 

been reflected by our mutation data. As we have not seen parallel mutations to deoR, this 

instead indicates that it may not be as easy to produce deoxyribonucleotides by the reverse 

DERA pathway. Poole et al. (2011, 2014) hypothesised that such pathways would have been 

replaced relatively late in evolution, when a reasonable level of cellular complexity existed. If 

this were the case, it should be possible to have this pathway produce deoxyribonucleotides in 

a modern cell, and as we have not seen this, then it is possible that this pathway may not have 
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been able to produce deoxyribonucleotides prior to the emergence of ribonucleotide reduction, 

reinforcing the idea of a late transition of DNA, post-LUCA. 

While we can hypothesise on the effects of these individual mutations based on their functions 

and the changes we expect to see in our strains, in order to confirm the exact activity of any of 

the mutations observed in this chapter we would need to undertake further experiments. If a 

particular mutation is contributing to either the reversal of the DERA pathway, or increased 

uptake of dNS in the media, then introducing the individual mutations that we have seen in a 

ΔRNR background should allow growth on lower concentrations of dNS than the ancestral 

(day 0) strain can grow on. We would then be able to tease the two scenarios apart by 

performing experiments in a background that has both the deo gene and all nrd genes knocked 

out. Assuming that the DERA pathway was responsible for the change being beneficial for 

growing on lower concentrations of dNS, then this growth benefit would be reversed in the 

absence of the DERA pathway, and may aid in teasing out the effects of the individual 

mutations that we have seen. We would firstly need to establish whether knock-out of the deo 

operon has a fitness effect in itself in a ΔRNR background. 

6.4.3 Mutations to DNA-dependent RNA polymerase 

It could possible that we are seeing so many changes to DNA-dependent RNA polymerase due 

to fundamental changes in the DNA template. Previous research saw chimeric DNA-RNA 

sequences when genomic incorporation of 5-hydroxymethyl-2′-deoxycytidine (5hmdCTP) was 

attempted through redirection of dCTP synthesis (Mehta et al., 2016b). In one particular strain, 

up to 40-50% of the genome was replaced with ribonucleotides instead of 

deoxyribonucleotides, yet the strain did not contain any 5hmdCTP in its genome despite other 

strains containing up to 63% 5hmdCTP in place of dCTP (Mehta et al., 2016b, 2018). This was 

hypothesised to be the result of other unknown mutations in the strain that were not able to be 

confirmed by whole genome sequencing due to instability of extracted DNA. Our strains have 

had all key genes for ribonucleotide reduction eliminated. Under this situation, the scarcity of 

the dNTP pool could result in ribonucleotides erroneously being included into DNA, forming 

a hybrid nucleic acid strand as Mehta et al. (2018) saw. If the proportion of ribonucleotides in 

the genome was high, this could provide sufficient pressure to drive large numbers of changes 

in enzymes involved in DNA binding.  

We saw a total of 20 mutations to the DNA-dependent RNA polymerase holoenzyme across 

the 13 strains that were sequenced after evolution for 45 transfers (Table 6.8). While many of 
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these were not changes to identical residues, changes to L120 (L120P/L120R) were observed 

in 5 strains in the evolution experiment, likely indicating the importance of this residue in 

adapting to the loss of ribonucleotide reduction. Q148P in RpoB, H897R in RpoC and D521G 

in RpoD stuck out due to their proximity to known regions associated with template binding. 

L120R and Y772H have both changed from uncharged residues to positively-charged residues. 

In the case of L120R, the homology model we generated has placed this residue in close 

proximity of the backbone of the DNA template, meaning that this could drastically change the 

way that it is interacting with the negatively-charged DNA template, by potentially increasing 

binding to the DNA. Finally, D303G and D521G are mutations that alter negatively-charged 

residues to uncharged residues. D521G is immediately adjacent to F522, a residue known to 

interact with the bound DNA template (Zhang et al., 2012), so this could be important in 

changing the interaction of residue 521 with a potential chimeric template. 

Mutations such as Q148P that are known to alleviate stalling of the RNA polymerase 

(Trautinger and Lloyd, 2002) could be aiding to reduce stalling on a template containing high 

proportions of ribonucleotides, while those close to regions important for binding could be 

moving towards increased binding with a chimeric nucleic acid template. This chimeric 

template could also be the driver for a number of other parallel mutations that we have seen to 

key genes involved in transcription, replication, and DNA metabolism, where an ability to bind 

to a potentially changing template would be beneficial.  

To figure out if this is the case, we would need to firstly establish whether the genome of these 

strains is composed of any level of ribonucleotides. Mehta et al. (2018) did this in their own 

strains through a combination of HPLC to determine that ribonucleotides were firstly present, 

then LCMS on di- and trinucleotides to demonstrate the presence of chimeric sequences. We 

could follow a similar protocol to establish the DNA composition, then test whether our 

individual mutations alter binding on chimeric sequences compared to sequences that 

exclusively contain deoxyribonucleotides to see if we are seeing these mutations in the 

response to a changing template. 
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Chapter 7. Discussion  

7.1. Summary of work 

In Chapter 2 of this thesis we generated a strain of E. coli devoid of thymidylate biosynthesis 

by knocking out three key genes: uracil-DNA glycosylase to prevent the removal of uracil from 

genomic DNA, thymidylate synthase to prevent the key conversion of dUMP to dTMP, a 

precursor of dTTP that is incorporated into DNA, and finally a tRNA methyltransferase that 

modifies uridine at position 54 in all tRNAs providing a source of T through recycling pathway. 

This strain initially required supplementation with dT in order to grow, but through use of an 

evolution experiment in decreasing concentrations, these strains were able to grow without any 

supplementation after ~35 transfers, and were evolved for a total of 55 transfers. Through this 

we have generated the first example of a strain that is capable of being grown without dT 

supplementation in the absence of thymidylate synthesis, where thymidylate synthesis hasn’t 

been replaced with the production of an alternative base. In the only other example where 

growth has been observed in the absence of thymidylate synthesis with no dT supplementation, 

T has been replaced with chlorouracil, a uracil analog (Marlière et al., 2011). 

Subsequent whole genome sequencing of the evolved ∆ung∆thyA∆trmA lines revealed 

extensive non-synonymous changes to coding sequences involved in DNA synthesis, 

transcription and repair in Chapter 3. In addition to this we saw 5 parallel mutations in the 

DERA operon repressor, four of which resulted in truncations in our lines. These point towards 

potential operation of recycling pathways in adapting to loss of thymidylate synthesis through 

increased expression of the deo operon. 

In order to establish whether we have successfully achieved replacement of T with U in this 

strain, we have tested the use of modified basecalling in Oxford Nanopore sequencing. While 

we were able to detect modified bases in control data with reasonable efficiency, only small 

levels of modification were seen in our evolved strains, perhaps indicating that these strains 

have evolved to use an alternative source of T in their genome. 

We next moved our focus back to the evolution of ribonucleotide reduction, and whether DNA 

could have evolved earlier in evolution through the use of an alternative pathway. The 
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deoxyriboaldolase pathway is generally known to work in the salvage direction, although can 

be used for the synthesis of deoxyribonucleotides in vitro (Barbas et al., 1990; Gijsen and 

Wong, 1994; Horinouchi et al., 2003, 2006a, 2006b; Sakuraba et al., 2007), making it an 

attractive target for a potential alternative pathway. We had previously produced a 

ribonucleotide reductase  knock-out mutant in our lab, the first example of such a strain 

existing. In Chapter 5 we found this strain to have a reliance on exogenous dC supplied in the 

media, with an obvious gap identified in the pathway. We attempted to fill this gap with three 

purine or pyrimidine nucleoside phosphorylase genes known to act upon C to produce dC (Abe 

et al., 2002; Zhou et al., 2013), but did not immediately see complementation of the dC 

auxotrophy. Due to this, we next set out to evolve this strain in lowering concentrations of dNS 

over 45 transfers in an attempt to redirect deoxyribonucleotide synthesis via the reverse DERA 

pathway. While we were not able to reach no dNS supplementation during this thesis, these 

strains are now growing on levels of dNS far lower than they were originally, and this 

experiment will be continued beyond this thesis in the hope of eventually reaching no 

supplementation.  

Whole genome sequencing of these strains in Chapter 6 revealed extensive parallel mutations 

occurring in a similar suite of pathways to what we saw for the U-DNA strains in Chapter 3. 

In particular, the DNA-dependent RNA polymerase genes were repeatedly mutated in these 

strains, with one of these mutations known to be associated with the rescue of polymerase 

stalling (Trautinger and Lloyd, 2002). We also saw a number of mutations in genes associated 

with the uptake and transport of sugar substrates and nucleosides, indicating that these strains 

are adapting to lowering concentrations of dNS through better import of the limited dNS 

supplementation. The most noticeable of these was the tsx nucleoside channel that saw a 

reversion of an internal stop codon that was present in the ancestral REL606 strain in all strains 

that had been evolved in low dNS concentrations. 

While we did not completely evolve our strains to survive without exogenous dNS 

supplementation, the sequencing results point to increased ability in utilising supplements over 

reversal of the DERA pathway, contradicting the hypothesis proposed by Poole et al. (2014). 
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7.2. What does this mean for the early evolution of DNA? 

7.2.1 The U to T transition 

Under an RNA to DNA transition, it is likely that a U-DNA intermediate existed prior to the 

evolution of DNA containing T, and that subsequent evolution of the pathway to dTTP allowed 

for the incorporation of T into the genome. Many argue that this transition from U-DNA to 

modern DNA occurred late in evolution, and that it occurred post-LUCA (last universal 

common ancestor) (Forterre, 2005; Forterre et al., 2004). If this was the case, this would imply 

that organisms with genome sizes similar to modern-day bacteria had U-DNA genomes at some 

point during evolution. Assuming this, then we should be able to generate a modern bacterial 

cell containing uracil bases in place of thymine in its genome by removing key genes required 

for the synthesis of dTTP, and by ensuring that no other source of the base, or its precursors, 

are able to be obtained by the cell. Generating this intermediate will allow us to answer 

questions about what drove the transition away from this intermediate, and when this transition 

might have occurred. As we have yet to generate a strain containing exclusively uracil in place 

of thymine in its genome, we are unable to conduct downstream experiments to test the 

hypothesis proposed by Poole et al. (2001). If we continue to have so many issues with 

generating this intermediate, this might instead indicate that evolution of modern DNA 

occurred far earlier than otherwise thought, possibly even pre-LUCA, and that we have been 

unable to replicate this intermediate in modern cells as it is not able to be maintained in 

organisms as complex as those that exist post-LUCA. However, the existence of some cases of 

genomic U being tolerated during Drosophila development (Muha et al., 2012), as well as the 

ability of other researchers to replace up to 99% of T in the genome with other modified 

bases(el-Hajj et al., 1992; Marlière et al., 2011; Mehta et al., 2016a) still indicate that our 

replacement should be possible. 

We have seen several indications consistent with successful replacement of genomic T with U, 

including our DNA extractions giving nanodrop results more consistent with RNA than DNA 

with no evidence of RNA contamination being present. These strains should also no longer be 

able to source thymidylate due to our knock-out of thyA, trmA and use of a strain deficient in 

cytosine methylation. It is instead more likely that the quality of our DNA extractions is 

affecting our ability to successfully call mutations, but comparison to LCMS results should 

confirm this. 
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7.2.2 The transition from RNA to DNA 

The complexity of the reactions performed by ribonucleotide reductase enzymes indicate that 

these enzymes likely evolved relatively late in evolution (Poole et al., 2014). Alongside 

evidence making it difficult to place the reaction in the LUCA, it seems to be highly likely that 

ribonucleotide reduction evolved late in evolution after the emergence of both RNA and protein 

synthesis (Lundin et al., 2010). However, if an alternative pathway existed that was able to 

perform these reactions using simpler chemistry, it then becomes plausible that the RNA to U-

DNA transition occurred through two steps, and that this initial transition to RNA was mediated 

by something other than ribonucleotide reduction. An obvious candidate for this alternative 

pathway remains the DERA pathway, due to the reversibility of the individual enzymes 

allowing for a path to deoxyribonucleotides from glyceraldehyde 3-phosphate and 

acetylaldehyde. Fundamentally the DERA pathway should work for the synthesis of 

deoxyribonucleotides in the cell - the reactions have been shown to work in vitro (Barbas et 

al., 1990; Gijsen and Wong, 1994; Horinouchi et al., 2003, 2006a, 2006b; Sakuraba et al., 

2007), meaning it should merely be a matter of determining exactly what might be preventing 

this pathway from operating in the cell, as well as establishing the exact conditions that will 

drive the DERA pathway in the reverse in the cell. We know from Chapter 5 that dC is the only 

supplement required for growth of the ribonucleotide reduction mutants, so the key to driving 

the pathway in the direction of synthesis likely lies in this step. 

It is important to note that any results we obtain as a result of both of these projects do not 

definitively say what happened during the transition to modern DNA from RNA. Instead these 

experiments act as models to establish whether such scenarios were even plausible. Producing 

a U-DNA cell or a strain that generates deoxyribonucleotides via the DERA pathway shows 

that these states are able to exist and lend evidence to these having existed at some point during 

the evolution of modern DNA.  

7.3. Can we reach our final goal of a U-DNA cell or redirecting DNA 

synthesis? 

Evolution is a process of tinkering (Jacob, 1977). We are not going to see changes that 

immediately compensate for loss of thymidylate synthesis or ribonucleotide reduction, and we 

are demanding drastic changes to fundamental aspects of nucleotide metabolism for both the 

ΔRNR and ΔungΔthyAΔtrmA strains. DNA is the fundamental building block of life, and 
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changing the way that this is produced will involve changes to many proteins involved in all 

processes of DNA metabolism. It is likely that even if we are able to find the right combination 

of genes that allow us to evolve either a U-DNA genome or a strain that synthesises DNA via 

the DERA pathway, that long-term evolution experiments will still be required to get these 

strains to a point where downstream analyses are able to be performed. For the 

ΔungΔthyAΔtrmA strains, it will not be possible to test the repair-first hypotheses proposed by 

Poole et al. (2001) until these strains have a growth rate that is reasonably similar to the wild 

type strains. For the ΔRNR strains, the ability to provide support to the Poole et al. (2014) 

hypothesis comes solely from the DERA pathway being able to operate in the reverse direction 

in modern cells. 

7.4. Future Directions 

While a large amount of progress has been made in exploring both transitions from RNA to 

modern DNA, many of our questions require further experiments before we are able to make 

any definitive conclusions about the experiments conducted in this thesis. These future 

experiments will now be discussed in further detail. 

7.4.1 Evolution of a U-DNA cell 

One of the key issues we found in our evolved  ΔungΔthyAΔtrmA knock-out strains, was the 

potential that these strains had not evolved to incorporate more uracil into the genome as we 

had hoped, and had instead found an alternative source of thymine. Our nanopore data analysis 

suggested low levels of replacement, and if we confirm that these results are consistent with 

other techniques (LCMS), then it will be necessary to change the approach of this experiment. 

We might want to repeat this experiment, knocking out more genes that could be playing a role 

in the synthesis of dTTP in these evolved strains. This includes the deoxyriboaldolase (deo) 

operon, due to the potential role that it could play in sourcing dTTP from salvage. Previous 

work trying to replace thymine in the genome with chlorouracil knocked out the deoA gene as 

part of their key suite of knock-outs (Marlière et al., 2011). In this experiment, this was 

important for the context of redirecting the thymidylate biosynthesis pathway towards 

generating chlorodeoxyuridylate that can be used to generate chlorodeoxyuridine triphosphate 

for incorporation into DNA. In the early stages of this thesis, attempts at knocking out both the 

entire DERA operon (deoCABD) and deoA alone were attempted, but were unsuccessful in the 

context of ΔungΔthyA knock-outs (results not shown). In this thesis we saw multiple mutations 
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in our evolved ΔungΔthyAΔtrmA strains that deactivated the DERA operon repressor, 

indicating that this operon might be playing a role in the response to the loss of thymidylate 

biosynthesis. If this is through the salvage of deoxyribonucleotides from alternative sources, 

then knocking out this pathway will likely help in our goal of attaining a U-DNA genome by 

preventing the cells from being able to source dTTP from a key salvage pathway. 

Thymidylate synthase (thyA) is the key gene for thymidylate biosynthesis, responsible for the 

conversion of dUMP to dTMP (Berg et al., 2002), hence why this was targeted  as the most 

important knock-out candidate. In addition to this, we initially tried to knock-out other genes 

that might play a role in preventing the accumulation of uracil in the genome. We targeted the 

gene for deoxyuridine 5'-triphosphate nucleotidohydrolase (dut) due to its role in the 

conversion of dUTP to dUMP (Gadsden et al., 1993), potentially taking away dUTP from the 

nucleotide pool for use in DNA, as well as thymidylate kinase (tmk – responsible for the 

production of dTDP from dTMP). These genes could have played a role in sourcing dTTP from 

or dTMP if the strains were able to source this substrate from an alternative source, such as 

recycling of modified tRNAs or rRNAs containing ribothymidine or methylcytosine. For this 

reason, knocking these genes out in addition to thymidylate synthase might help with 

preventing alternative sources of T for use in the genome through preventing the production of 

dTTP from dTMP or dTDP, as well as preventing the redirection of dUTP to dUMP so that it 

can no longer be used by polymerases in the synthesis of DNA. 

In addition to these knock-outs, increasing the length of the evolution experiment will likely 

be important for getting the strains to a point where the fitness would hopefully increase, 

making it easier to perform downstream experiments testing hypotheses. The final number of 

generations we obtained in 55 transfer would be difficult to calculate due to the decreasing 

fitness of the strains, but even in healthy strains this would only result in a maximum of 200 

generations over 55 1:50 transfers to fresh medium. Increasing the length of the evolution 

experiment will allow the strains more time to accumulate potentially beneficial mutations that 

allow increases in fitness, and for these to become dominant in the population present in the 

flask. Increasing the length of the evolution experiment might be difficult to achieve when the 

strains take between 7 and 14 days to grow, but should still be possible.  

7.4.2 Confirmation of uracil content in cell 

While we were not able to confirm that we had achieved uracil replacement in our evolved 

ΔungΔthyAΔtrmA strains, nanopore sequencing still remains a promising method for detecting 
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uracil at an individual-base level. A number of issues were identified that could have been 

preventing these tools from working (see Chapter 4), with many of these centring around the 

quality of the data and technology used, as well as the modified basecalling tools that we used. 

Oxford Nanopore sequencing technology is rapidly being developed, and error rates and 

basecalling models are improving over time. Accuracy of the data has increased from 65% to 

up to 95.5% over the space of 5 years with updates to basecalling algorithms as well as releases 

of update flowcells and library preparation kits (Kerkhof, 2021). Much of the data obtained 

during the space of this thesis is already several years old, so sequencing with the newer 

technology is likely to yield better quality and more accurate data. 

In addition to this, we could also try our data with additional modified basecalling tools that 

already exist as a comparison. Tools such as NanoMod (Liu et al., 2019c), DeepMod (Liu et 

al., 2019d)  and nanopolish (https://github.com/jts/nanopolish) already exist for the detection 

of modified bases in DNA, but like Tombo and Taiyaki, have mostly been used for the detection 

of only a small number of modifications in genome samples. It could be possible that one of 

these other methods is better capable of handling our whole-genome scale of modification and 

that they are able to call our modifications successfully. At the very least, nanopolish allows 

for closer investigation of raw signal data (Simpson et al., 2017), so might allow for a better 

indication of whether or not signals are differing at positions where we expect U replacement 

to have occurred. 

Finally, all methods that we test will need to be compared to an already-established method to 

confirm that we have truly developed a promising alternative that not only works just as well, 

but also gives us consistent information with established techniques. The most common 

methods used for uracil replacement in DNA are HPLC and mass spectrometry. HPLC was 

used by Marlière et al. (2011) to detect replacement of thymine with chlorouracil, while HPLC-

MS/MS was used by Kiljunen et al. (2005) to determine  that the Yersiniophage ϕR1-37 

genome had deoxyuridine in place of thymine and LCMS was used by Lari et al. (2006) to 

determine the uracil content in dut, ung and dug mutants of  E. coli. Having this data as a 

comparison will give a definitive answer about our levels of replacement, as well as the 

efficiency of Oxford Nanopore sequencing in the detection of such a large number of 

mutations. 
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7.4.3 Testing scenarios of the U to T transition 

The primary driver for generating a strain of E. coli that possesses a uracil-DNA genome is 

that we would be able to use this strain to test the scenarios that could have led to the U to T 

transition, as proposed by REF. Under this model, Poole et al. (2001) argued that the U to T 

transition could not have occurred without some sort of repair first being present, and proposed 

four separate models, arguing that only one of these four models was plausible: 

1. No repair 

2. Uracil-DNA glycosylase – targets all uracil in the genome 

3. Mismatch-specific uracil-DNA glycosylase (MUG) – targets only uracil that are G:U 

mismatches 

4. “Leaky” MUG – targets all G:U mismatches, but occasionally targets A:U pairs in a “leaky” 

manner 

Each of these models is explained in detail in chapter 1. 

In order to test these four scenarios, we would take the strain with a confirmed U-DNA genome, 

introduce one of the repair enzymes, and compete it against the U-DNA genome strain lacking 

any of these enzymes (no repair). We would predict that introducing a uracil-DNA glycosylase 

enzyme that targets all uracil in the genome, irrespective of location, would result in either a 

huge decrease in fitness, or no successful transformants (this could be circumvented by 

expressing uracil-DNA glycosylase under a tight promoter that can be repressed such as 

araBAD, so that UNG expression is only induced when intended). By comparison, we would 

expect that a mismatch-specific uracil-DNA glycosylase would not be a strong enough driver 

to drive the U to T transition and would likely have very little effect on the growth rate of the 

strain containing the U-DNA genome. Finally, a leaky MUG would be expected to be 

somewhere between a mismatch-specific enzyme and a non-specific enzyme, where it would 

occasionally act on A:U pairs, and cause a decrease in fitness. This would not be expected to 

be as extreme as the loss of fitness seen upon introduction of a non-specific uracil repair 

enzyme. We have already generated plasmids expressing the different enzymes, including two 

different modified leaky MUG candidates (K68N and K68Q)  from E. coli identified by Lee at 

al. (2010) using the circular polymerase extension cloning mentioned in appendix 10 (Quan 
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and Tian, 2009), so that this experiment can be performed as soon as a confirmed U-DNA 

strain is obtained. 

As part of our final hypothesis testing of uracil-repair enzymes, we will also need to knock out 

the mismatch-specific uracil-DNA glycosylase gene that exists in E. coli. While the native 

enzyme does not have a high level of activity (Lee et al., 2010), we opted to keep the gene in 

our initial knock-out strains due to its potential to help with uracil accumulation in mismatch 

positions.  

One issue that could arise from testing this hypothesis is if the cell containing a U-DNA genome 

remains significantly unfit relative to its T-DNA ancestor. This experiment relies on assessing 

differences in fitness, and if we are unable to evolve a U-DNA strain that is reasonably fit, we 

may instead find that any cell that contains thymidylate synthase takes over, as this would 

provide a benefit. In order to counteract this, we intend to evolve the uracil-DNA strain for an 

extended period, so that fitness has a chance to increase over time. Providing that fitness 

increases enough throughout this evolution experiment, this should no longer be an issue for 

these strains. 

7.5. RNR knock-outs 

7.5.1 Continuation of evolution experiment with RNR knock-outs 

While considerable progress has been made in this thesis towards growing a strain of E. coli 

devoid in ribonucleotide reduction without any dNS supplementation at all (see Chapter 5), we 

were unable to reach no supplementation during the time available. We intend to continue this 

evolution experiment, slowly decreasing the concentration of dNS over time so that a strain 

that is able to generate its own dNS is eventually reached. There are a number of approaches 

that could be taken to do this. We could continue to follow the existing approach, where the 

concentration is decreased with each transfer. This has worked well to this point, but the strains 

are not growing well, and it could be possible that the jumps in concentration are too drastic 

for the strain to survive and that we eventually see cell death occurring in all of our strains. As 

an alternative, we could follow a tiered system, where the concentration is dropped, then 

consistently maintained until the strains adapt to this lower concentration. Only once growth is 

seen to improve will the concentration then dropped again. This has been trialled by other 

members in our lab, and appears to be successful in allowing bigger overall drops in 

concentration over time. We could also try something similar to the U-DNA strains, where 
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concentrations were cycled between permissive conditions containing dT and restrictive 

conditions containing no dT supplementation at all. This worked successfully for the U-DNA 

strains and was the condition that allowed for the final growth on no dT supplementation at all, 

as dropping to no dT supplementation then maintaining them in media with no dT did not 

initially work. 

7.5.2 Other potential targets for RNR knock-outs 

In our ribonucleotide reductase knock-out strains we have seen a reliance for exogenous dC 

being supplied in the media, despite introducing phosphorylase enzymes in an attempt to fill 

this gap. We could explore some sort of deoxyribosyl transferase enzyme in order to counteract 

this reliance in addition to introducing a phosphorylase gene capable of the metabolism of C to 

dC, so that the strain could then source dC by swapping out a base from an alternative base that 

the cell is able to produce. While this type of enzyme does not exist in E. coli, deoxyribosyl 

transferase enzymes do exist in nature. However, while our biggest deficiency appears to be 

dC, currently known dR transferase enzymes from Lactobacillus seem to preferentially switch 

dC to dA, and this reaction is not reversible (Kaminski and Labesse, 2013). While this group 

managed to expand the substrate range of dR transferases from Lactobacillus, so that the 

activity to produce dCMP, dCDP and dCTP from the other deoxyribonucleotides was 

introduced, the preference to produce dA mono-, di- and tri- phosphate was many times higher 

than the amount of dC derivitatives that were produced. This may not be sufficient for the 

context of our experiment where we solely hope to have a dR transferase enzyme that has a 

high preference for switching other deoxyribonucleoisdes for dC. It is possible that enzymatic 

activity of the Lactobacillus enzyme could be further improved through directed evolution, or 

perhaps that a currently unknown enzyme has activity closer to what we are hoping to achieve. 

We could screen known genome sequences for these type of enzymes and establish whether 

there are any candidate enzymes with promising activity. Candidate enzymes could be 

introduced into RNR knock-out strains to see if they are able to complement the dNS 

auxotrophy. From there, if any show any potential growth in the absence of dNS 

supplementation, we could also continue to evolve these using additional evolution 

experiments, much like those we have previously used in Chapters 2 and 5 of this thesis. HPLC 

and LC/MS analyses would help us to establish what products are being produced by any 

enzyme candidates, to see if we are making any progress towards our desired goal. This will 

hopefully aid with identifying any deficiencies that we might be seeing in the 
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deoxyribonucleoside pool within the RNR knock-out strains, so that we are able to examine 

what might be causing the deficiencies and then attempt to remedy them through modifying 

media or introducing additional enzymes. 

One concern with the RNR knock-out strains lies with these strains containing so many 

introduced genes from other species. If we continue to follow this route to establish a strain 

that can grow without dNS supplementation, we may need to investigate knocking some of 

these genes into the chromosome instead of introducing them on plasmids. A limited number 

of compatible origins of replication are available, along with a finite number of antibiotic 

resistance markers. Knocking the genes that we definitely know we need onto the chromosome 

will allow for more capacity in testing other potential candidate genes, and would also provide 

a cleaner system than what we have with our current strains expressing 4 different genes across 

3 plasmids.  

In addition to this, increased expression of all four genes in the DERA operon might help with 

driving the production of deoxyribonucleotides from acetaldehyde, further preventing the 

accumulation of acetaldehyde in the RNR knock-out strains. This could be achieved in one of 

two ways: either through the addition of an additional DERA operon on a plasmid into the 

strains, or through modification of the DERA operon promoter region on the chromosome. Due 

to the large number of plasmids already present in the DERA strains, option one would not be 

preferable. As an alternative to this, we could replace the promoter of the DERA operon with 

a promoter that we know has higher activity. Our lab has previously heavily used a mutated 

promoter from the metZ (tRNA-initiator Met(CAU)) gene in REL606 E. coli (Catchpole, 2015; 

Rickerby, 2016). This mutation occurred during an evolution experiment to adapt REL606 to 

the loss of the def-fmt operon responsible for the formylation of the initiating methionine in 

translation, and considerably increased expression of GFP compared to the wildtype metZ 

promoter in otherwise identical conditions (Catchpole, 2015). Placing a promoter that we know 

is highly expressed in front of the DERA operon, then confirming increased expression by 

qRT-PCR, will ideally do two things: as already mentioned, it should decrease acetaldehyde 

concentrations by shunting it towards deoxyribonucleotide production. Secondly, assuming 

that the DERA pathway is able to work in the reverse direction in vivo, it will increase the 

overall production of deoxyribonucleotides, and hopefully increase the likelihood of successful 

growth of the RNR knock-out strains in the absence of dNS supplementation. 
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A potential issue with introducing the pyruvate decarboxylase from Zymomonas mobilis that 

we have introduced into our ΔRNR strains lies in the accumulation of aceltylaldehyde in the 

strain. This enzyme is expected to drive the production of  acetylaldehyde from pyruvate, then 

alongside glyceraldehyde-3 phosphate, can be used as a source of deoxy ribose-5 phosphate in 

DNA synthesis via the DERA pathway. This enzyme is not known to exist in E. coli REL606, 

and high concentrations of acetaldehyde are known to be toxic to E. coli (Dick et al., 2016). 

While we intend for acetaldehyde to be used as the input into the DERA pathway to push the 

RNR knock-out strains towards making deoxyribonucleotides, it could also be possible that we 

are accumulating high levels of acetaldehyde within the strains and are instead killing the cells. 

One potential way to counteract this could be to introduce a deoxyriboaldolase gene that has a 

higher tolerance for acetaldehyde. A recent study has identified an acetaldehyde-tolerant 

DERA gene in Pectobacterium atrosepticum (Haridas et al., 2020). The authors found that this 

DERA gene exhibited four times more activity than the E. coli DERA gene, and in addition to 

this a C49M mutation that had previously been seen to increase acetaldehyde tolerance in E. 

coli also increased the tolerance of acetaldehyde in the Pectobacterium gene also. The wildtype 

Pectobacterium deoC gene exhibited a 70% drop in activity in 30 minutes in 100mM 

acetaldehyde, while the C49M mutant only exhibited a 10% loss of activity in the same 

concentration of acetaldehyde after 90 minutes. In comparison, the native E. coli deoC enzyme 

lost all activity in 100mM acetaldehyde after 20 minutes, while the C47M mutation in E. coli 

deoC did not lose any activity in concentrations of acetaldehyde up to 1M (Dick et al., 2016). 

We could explore the use of either one of these genes by replacing the native REL606 gene 

with either the C47M variant of deoC, or with the Pectobacterium gene, potentially alleviating 

the negative effects of increased acetaldehyde concentration in the RNR knock-out strains 

when trying to induce production of deoxyribonucleotides via the DERA pathway. 

7.5.3 RNA accumulation in the genome of RNR knock-outs 

As previously discussed in Chapter 6, Mehta et al. (2018) saw large levels of ribonucleotides 

accumulating in strains where dCTP synthesis had been redirected. In our experiment, we 

might expect to see ribonucleotides being erroneously incorporated into ΔRNR DNA in place 

of deoxyribonucleotides, due to the low dNS pool. While Mehta et al. (2018) used LCMS to 

identify regions of chimeric DNA, we could also explore the use of Nanopore sequencing in 

detecting these chimeric sequences in a similar way to what we have attempted for the U-DNA 

strains. 
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Two technologies currently exist for nanopore sequencing: 1D and 1D2. While 1D technologies 

sequence the forward and reverse strands separately, the 1D2 technology encourages the 

immediate sequencing of the reverse strand after the forward strand due to tethering to the 

membrane (Leggett and Clark, 2017). This technology is conventionally used to give higher 

fidelity to reads, as the consensus of the two reads will be reported, instead of each read being 

reported separately as it is for 1D technology. However, prior to the existing 1D2 kit, 2D 

technology existed (Madoui et al., 2015). This would instead ligate a hairpin linker sequence 

between the forward and reverse strand of DNA. This would then cause the reverse strand of 

DNA to be immediately pulled through the nanopore following the forward strand. We could 

co-opt this technology by ligating the two strands in the way that these 2D kits did, but using 

the 1D technology for the subsequent sequencing so that the two strands are treated as a single 

strand, with the cDNA sequenced immediately following the RNA (Figure 7.1). We can then 

directly compare the RNA strand with the cDNA strand using methods such as Tombo (see 

Chapter 4) to see whether we can observe a difference in signal between the two. Following 

this, it should be possible to train a model, like we previously did for U-DNA, but with multiple 

modifications to represent the four ribonucleotides that would be present in RNA, then use this 

trained model to determine levels of RNA replacement in the genome in the RNR knock-out 

strains. This might prove difficult to achieve depending on the quality of our data (as we saw 

for our U-DNA models), and also due to the fact that we would be identifying four mutations 

instead of one. However, Tombo does not limit itself to a single modification and will identify 

any deviations from an expected signal, while Taiyaki will allow for training of models with 

multiple modification types simultaneously. As this technology continues to improve, our 

chances of training a usable model using these tools will likely increase. 
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Figure 7.1. Nanopore sequencing of hybrid RNA-DNA sequences. RNA would be extracted and complementary DNA would 

be generated using a cDNA synthesis step. A hairpin adapter would then be ligated to join the two sequences as if they were a 

forward and reverse read, but would then be sequenced using 1D Nanopore technology so that the two linked strands would 

be treated as a single read. This would generate a single strand of sequence containing both RNA and DNA that could be 

compared using existing base modification techniques
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Appendices  

 

Appendix 1. EZ rich media for growth of ΔungΔthyAΔtrmA strains 

100X Vitamin Solution 

Concentration Reagent Final concentration in media 

1mM Thiamine HCl 0.01mM 

1mM Calcium pantothenate 0.01mM 

1mM p-aminobenzoic acid 0.01mM 

1mM p-hydroxybenzoic acid 0.01mM 

1mM 2,3-dihydroxybenzoic acid 0.01mM 

Dissolved in milliQ water 

Note: each of these components was made up as a 0.02M stock individually prior to making 

100X vitamin solution. p-aminobenzoic acid, p-hydroxybenzoic acid and 2,3-

dihydroxybenzoic acid stocks were dissolved in 0.02M KOH, while the rest were dissolved in 

milliQ water. 

5X Supplement EZ 

Concentration Reagent Final concentration in media 

4mM Alanine 0.8mM 

26mM Arginine HCl 5.2mM 

2mM Asparagine 0.4mM 

2mM Aspartic acid (K salt) 0.4mM 

0.5mM Cysteine HCl H2O 0.1mM 

3mM Glutamic acid (K salt) 0.6mM 

3.125mM Glutamine 0.625mM 

4mM Glycine 0.8mM 

1mM Histidine HCl H2O 0.2mM 

2mM Isoleucine 0.4mM 

4mM Leucine 0.8mM 

2mM Lysine 0.4mM 

1mM Methionine 0.2mM 

2mM Phenylalanine 0.4mM 

2mM Proline 0.4mM 

50mM Serine 10mM 

2mM Threonine 0.4mM 

0.5mM Tryptophan 0.1mM 

1mM Tyrosine 0.2mM 

3mM Valine 0.6mM 

5% 100X Vitamin Solution  

Dissolved in milliQ water and filter sterilised. 

Figure Error! No text of specified style in document..1 
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Note: each of these components was made as a stock solution in milliQ water, excluding 

tyrosine which was dissolved in 0.01M KOH. Due to the potential of cysteine oxidising to 

cystine, 5X Supplement EZ was made in advanced and stored at -20°C until use. 

 

10X AGCU 

Concentration Reagent Final concentration in media 

2mM adenine 0.2mM 

2mM cytosine 0.2mM 

2mM guanine 0.2mM 

2mM uracil 0.2mM 

Dissolved in 0.015M KOH and filter sterilised. Stored at -20C until use 

Potassium Phosphate Solution 

Concentration Reagent Formula Final concentration in media 

0.132M Dipotassium phosphate K2HPO4  1.32mM 

Dissolved in milliQ water and autoclaved prior to use 

Micronutrient Stock 

Concentration Reagent Formula Final concentration in media 

145µM Ammonium molybdate (NH4)2MoO4 29nM 

20mM Boric acid H3BO3 4µM 

1.5mM Cobalt chloride CoCl2 300nM 

480µM Cupric sulfate CuSO4 96nM 

4mM Manganese chloride MnCl₂ 800nM 

487µM Zinc sulfate ZnSO₄ 97.4nM 

Dissolved in milliQ water and stored at room temperature 

10X 3-(N-morpholino)propanesulfonic acid (MOPS) solution 

Concentration Reagent Formula Final concentration in media 

1.3M MOPS C7H15NO4S 0.13M 

133mM tricine C6H13NO5 13.3mM 

Dissolved in 300mL milliQ water. 10M KOH was added to a final pH of 7.4. 

Then add the following to the MOPS solution: 

Concentration Reagent Formula Final concentration in media 

0.1mM Iron(II) sulfate heptahydrate (from freshly 

made 0.01M stock) 

FeSO4·7H20 0.01mM 

95mM Ammonium chloride NH4Cl 9.5mM 

3mM Potassium sulfate K2SO4 0.3mM 

0.005mM Calcium chloride dihydrate CaCl2·2H2O 0.0005mM 

5.25mM Magnesium chloride MgCl2 0.525mM 

500mM Sodium chloride NaCl 50mM 

0.2% Micronutrient stock   

Dissolved in milliQ water and filter sterilised. Frozen at -20C until use. 
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EZ Rich Media 

Amount (mL) Reagent 

100mL 10X MOPS 

10mL Potassium phosphate solution 

100mL 10X AGCU 

200mL 5X Supplement EZ 

580mL milliQ water 

Carbon source was added prior to use. In these experiments, glucose was used at either 0.5% 

or 2%, as specified. If solid media was required, 2X agar was autoclaved in 500mL of water 

and added to media in place of 500mL of milliQ water. Deoxyuridine was also added to a final 

concentration of 500µM before use.  
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Appendix 2. Summary of ΔungΔthyAΔtrmA evolution experiment 
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Appendix 2. Summary of ΔungΔthyAΔtrmA evolution experiment. A single overnight culture of ΔungΔthyAΔtrmA was 

used to create 12 replicate 1:50 dilutions into fresh EZ rich media supplemented with 0.5% glucose, 25µM dT and 500µM dU. 

After the culture reached saturation, strains were washed in 1XPBS and a 1:50 dilution was made into fresh EZ rich media 

containing a lower concentration of dT. A total of 55 transfers was completed, with the exact concentrations of thymidine, the 

media conditions and the period of growth listed for each transfer. At various points during the experiment, replicates were 

plated into different conditions, and this is represented by arrows stemming off an individual plate, with the alternative 

conditions listed next to this new plate. At certain points during the experiment, certain lines were chosen if they appeared to 

be growing better and were used to create a new plate to continue the evolution experiment (lines that were picked were 

represented by asterisks on the plate). If a single line perished during the experiment, this is represented by a loss of that colour 

on the plate.  
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Appendix 3. Control evolution experiment evolved alongside 

ΔungΔthyAΔtrmA strains 
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Appendix 3. Overview of control evolution experiment conducted alongside the ΔungΔthyAΔtrmA evolution 

experiment. A single overnight culture of REL606 was used to create 5 replicate 1:50 dilutions into EZ rich media 

supplemented with 0.5% glucose, 25µM dT and 500µM dU. Once every 24 hours, strains were washed in 1XPBS and a 1:50 

dilution was made into fresh EZ rich media containing a lower concentration of dT. A total of 55 transfers were completed, 

with the concentrations of dT and the media conditions listed for each transfer.   
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Appendix 4. EZ rich media for growth of ΔRNR strains 

100X Vitamin Solution 

Concentration Reagent 

Final concentration in 

media 

1mM Thiamine HCl 0.01mM 

1mM Calcium pantothenate 0.01mM 

1mM p-aminobenzoic acid 0.01mM 

1mM p-hydroxybenzoic acid 0.01mM 

1mM 2,3-dihydroxybenzoic acid 0.01mM 

Dissolved in milliQ water 

Note: each of these components was made up as a 0.02M stock. p-aminobenzoic acid, p-

hydroxybenzoic acid and 2,3-dihydroxybenzoic acid stocks were dissolved in 0.02M KOH, 

while the rest were dissolved in milliQ water. 

5X Supplement EZ 

Concentration Reagent Final concentration in media 

20mM Alanine 4mM 

26mM Arginine HCl 5.2mM 

10mM Asparagine 2.5mM 

2mM Aspartic acid (K salt) 0.4mM 

0.5mM Cysteine HCl H2O 0.1mM 

3mM Glutamic acid (K salt) 0.6mM 

15mM Glutamine 3mM 

4mM Glycine 0.8mM 

1mM Histidine HCl H2O 0.2mM 

2mM Isoleucine 0.4mM 

4mM Leucine 0.8mM 

2mM Lysine 0.4mM 

1mM Methionine 0.2mM 

2mM Phenylalanine 0.4mM 

2mM Proline 0.4mM 

50mM Serine 10mM 

2mM Threonine 0.4mM 

0.5mM Tryptophan 0.1mM 

1mM Tyrosine 0.2mM 

3mM Valine 0.6mM 

5% 100X Vitamin Solution  

0.5% Tween 80 0.1% 

12.5mM Malic acid 2.5mM 

12.5mM Fumaric acid 2.5mM 

12.5mM Succinic acid 2.5mM 

0.5mM Folic acid 0.1mM 

Dissolved in milliQ water and filter sterilised. Bold indicates components that differ from the 

EZ rich used for the U-DNA strains. These supplements were specifically added to attempt 

induction of the reverse DERA pathway, and in the case of Tween 80, to assist with cell 

membrane stability. 
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Note: each of these components was made as a stock solution in milliQ water, excluding 

tyrosine which was dissolved in 0.01M KOH. Due to the potential of cysteine oxidising to 

cystine, 5X Supplement EZ was made in advanced and stored at -20°C until use. 

Potassium Phosphate Solution 

Concentration Reagent Formula Final concentration in media 

0.132M Dipotassium phosphate K2HPO4  1.32mM 

Dissolved in milliQ water and autoclaved prior to use 

Micronutrient Stock 

Concentration Reagent Formula Final concentration in media 

145µM Ammonium molybdate (NH4)2MoO4 29nM 

20mM Boric acid H3BO3 4µM 

1.5mM Cobalt chloride CoCl2 300nM 

480µM Cupric sulfate CuSO4 96nM 

4mM Manganese chloride MnCl₂ 800nM 

487µM Zinc sulfate ZnSO₄ 97.4nM 

Dissolved in milliQ water and stored at room temperature 

10X 3-(N-morpholino)propanesulfonic acid (MOPS) solution 

Concentration Reagent Formula Final concentration in media 

1.3M MOPS C7H15NO4S 0.13M 

133mM tricine C6H13NO5 13.3mM 

Dissolved in 300mL milliQ water. 10M KOH was added to a final pH of 7.4. 

Then add the following to this solution: 

Concentration Reagent Formula Final concentration in media 

0.1mM Iron(II) sulfate heptahydrate (added from freshly 

made 0.01M stock) 

FeSO4·7H20 0.01mM 

95mM Ammonium chloride NH4Cl 9.5mM 

3mM Potassium sulfate K2SO4 0.3mM 

0.005mM Calcium chloride dihydrate CaCl2·2H2O 0.0005mM 

5.25mM Magnesium chloride MgCl2 0.525mM 

500mM Sodium chloride NaCl 50mM 

0.2% Micronutrient stock   

Dissolved in milliQ water and filter sterilised. Frozen at -20C until use. 

EZ Rich Media 

Amount (mL) Reagent 

100mL 10X MOPS 

10mL Potassium phosphate solution 

200mL 5X Supplement EZ (containing DERA supplement) 

680mL milliQ water 

Carbon source was added prior to use. In these experiments, glucose was used at either 0.5% 

or 2%, as specified. If solid media was required, 2X agar was autoclaved in 500mL of water 
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and added to media in place of 500mL of milliQ water. The AGCU supplement was not added 

to this media. Instead, deoxyribose, adenine, guanine, cytosine, uracil, deoxyadenosine, 

deoxyguanosine, deoxycytidine and deoxyuridine were added as specified during experiments. 

Sodium pyruvate was also added to experiments as specified to induce pyruvate decarboxylase 

expression. 
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Appendix 5. Wildtype and codon-optimised deoxyadenosyl kinase sequences from Mycoplasma mycoides used to generate 

pCOLA::mm-dAK plasmid. Codon optimised positions are highlighted in the sequence alignment. 
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Appendix 6. Purine nucleoside phosphorylase from Deinococcus geothermalis, and the codon-optimised sequence used in 

pCOLA::mm-dAK, DgPnp. Codon-optimised positions are highlighted. 
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Appendix 7. Pyrimidine/purine nucleoside phosphorylase from Acenitobacter baylyi, and the codon-optimised sequence used 

in pCOLA::mm-dAK, AbPpnp. Codon-optimised positions are highlighted. 
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Appendix 8. The wildtype and modified Escherichia coli purine nucleoside phosphorylase sequences used in pCOLA::mm-

dAK, EcPnp. Differing positions between the two sequences are highlighted. 
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Appendix 9. The wildtype and codon-optimised Zymomonas mobilis pyruvate decarboxylase sequences used in pMAL::zm-

pdc. Codon-optimised positions are highlighted. 
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Appendix 10 Displacement of pBAD33::mm-dAK 

As mentioned in Chapter 5, uncertainty around the pBAD33::mm-dAK plasmid in the 

ribonucleotide reductase mutant strain existed. This was unable to be sequenced and confirmed, 

so we instead sought to replace this with the mm-dAK constructs in pCOLA::mm-dAK, and 

displace the original pBAD::mm-dAK plasmid. This was unsuccessful, but the methodology 

followed is given below: 

Displacement of pBAD33::mm-dAK was attempted through replacement with an empty pBAD 

vector containing a gentamicin resistance cassette in place. DH5α + pBAD33 was grown 

overnight in LB + chloramphenicol at 37°C.  S17 + pSL182 was also grown overnight at 37°C 

in LB + gentamicin. Both plasmids were extracted using the Machery-Nagel Nucleospin 

plasmid kit. Circular polymerase extension cloning (CPEC) was then used to replace the 

chloramphenicol-resistance cassette from pBAD33 with the gentamicin-resistance cassette 

from pBSL182  (Quan and Tian, 2009). In short, the pBAD33 plasmid was amplified with the 

pBAD33-gmR CPEC vector F and pBAD33-gmR CPEC vector R primers using Phusion® 

High-Fidelity DNA Polymerase (NEB) to exclude the chloramphenicol-resistance gene and 

introduce flanking regions that overlap aacC1 gene that confers gentamicin resistance. A 

second PCR was then performed to amplify the aacC1 gene from pBSL182 using the pBAD33-

gmR CPEC insert F and pBAD33-gmR CPEC insert R primers. These primer sequences were 

as follows: 

pBAD33-gmR CPEC vector F 5ʹ ‒TCGTTGCTGCTGCGTAACATTTTAGCTTCCTTAGCTCCTG‒3ʹ 

pBAD33-gmR CPEC vector R 5ʹ ‒ACCCAAGTACCGCCACCTAATTTTTTTAAGGCAGTTATTG‒3ʹ 

pBAD33-gmR CPEC insert F 5ʹ ‒CAATAACTGCCTTAAAAAAATTAGGTGGCGGTACTTGGGT‒3ʹ 

pBAD33-gmR CPEC insert R 5ʹ ‒CAGGAGCTAAGGAAGCTAAAATGTTACGCAGCAGCAACGA‒3ʹ 

 

The second PCR introduced a flanking 20bp either side of the gene that correspond to the 

sequence where the gene will be inserted into the pBAD33 plasmid. Both PCR products were 

then purified using the Machery-Nagel Gel and PCR clean-up kit. The aacC1 gene was then 

inserted into pBAD33 using a CPEC reaction. Phusion® High-Fidelity DNA Polymerase 

(NEB) was used in this PCR reaction, and lacked primers, allowing the two PCR fragments to 

anneal to each other, and a subsequent extension step then allows the two fragments to be 

joined, forming a single pBAD33 plasmid containing the gentamicin resistance marker in place 

of the original chloramphenicol-resistance cassette. The CPEC product was then transformed 
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directly into DH5α by electroporation as previously described and grown on LB + gentamicin 

plates overnight at 37°C. Colonies were restreaked on LB + gentamicin plates and grown 

overnight at 37°C to confirm uptake of the gentamicin-resistance cassette, and were confirmed 

by sequencing (Macrogen). A summary of the CPEC cloning protocol is provided in Figure 

Appendix 10.1. 

 

 

  

Appendix 10.1. Circular polymerase extension cloning (CPEC) was used to replace the chloramphenicol resistance cassette in 

pBAD33 with the gentamicin-resistance cassette from pBSL182 (Quan and Tian, 2009). Primers are firstly synthesised to 

amplify both the insert and vector that harbour a 20bp extension that match either the insert you intend to insert (for the vector 

primers) or the region of the vector where the insert will be introduced (for the insert primers). This means that the forward 

primer of the insert and the reverse primer for the vector are the perfect reverse complement of each other. Likewise, the 

reverse primer of the insert and the forward primer for the vector are also the reverse complement of each other. The PCR of 

the vector will produce a linear product, with 20bp at each end that match to the first and last 20bp of the insert sequence 

(shown in orange on the end of the green vector sequence). The amplified insert will harbour an overlapping 20bp either side 
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of the region where the insert will be introduced. The two PCR products are purified and then combined in a second round of 

amplification without any primers present. Instead the vector and insert will anneal to each other to produce a circular sequence 

that is then amplified by circular polymerase extension, resulting in a vector that contains your intended insert. This PCR 

product can be directly used for transformation. 

Plasmids that were confirmed as correct were then used to transform DgPnp, AbPpnp and 

EcPnp as previously described via electroporation. Recovered cells were plated on LB with 

streptomycin, gentamicin, kanamycin, ampicillin and 100µM dNS and were grown overnight 

at 37°C. Transformants were restreaked on the same media and single colonies were confirmed 

as having the correct plasmid by PCR with the pBAD F and pBAD R primers. 

Displacement of pBAD::mm-dAK was then attempted by growing a 1:1,000,000 dilution of 

each of DgPnp, + pBAD33::gmR AbPpnp + pBAD33::gmR and EcPnp + pBAD33::gmR in 

LB supplemented with streptomycin, ampicillin, kanamycin, gentamicin and 100µM dNS 

overnight at 37°C. The 1:1,000,000 dilution, then growth of the culture overnight was then 

repeated for a total of ten transfers in the absence of chloramphenicol. Cultures where then 

diluted in 1XPBS and a 10-7 final dilution was plated on LB agar supplemented with 

kanamycin, ampicillin, gentamicin, streptomycin and 100µM dNS. Individual colonies were 

then replica plated on LB agar plates supplemented with streptomycin, kanamycin, ampicillin, 

gentamicin and 100µM dNS, and streptomycin, kanamycin, ampicillin, gentamicin, 

chloramphenicol and 100µM dNS. Any colonies which did not grow on the chloramphenicol-

containing plate, but did on the plate without chloramphenicol are thought to have lost the 

pBAD33::mm-dAK plasmid. This method was not successful (Appendix 10.2), even after 

multiple transfers, so experiments were proceeded without displacing this vector. 
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Appendix 10.2.  Attempts at displacement of pBAD33-mm-dAK were unsuccessful from ∆RNR strains. Strains in all five 

plates are as follows (clockwise, from top): 1. DH5α; 2. REL606 (the ancestral strain of all ∆RNR31 strains); 3. ∆RNR31 + 

pBAD::mm-dAK, 4. ∆RNR31 + pCOLA::mm-dAK, DgPnp + pMAL::zm-pdc + pBAD33-gmR, subjected to ten consecutive 

1:1,000,000 dilutions in the absence of chloramphenicol; 5.  ∆RNR31 + pCOLA::mm-dAK, AbPpnp + pMAL::zm-pdc + 

pBAD33-gmR subjected to ten consecutive 1:1,000,000 dilutions in the absence of chloramphenicol; 6. ∆RNR31 + 

pCOLA::mm-dAK, DgPnp + pMAL::zm-pdc + pBAD33-gmR subjected to ten consecutive 1:1,000,000 dilutions in the 

absence of chloramphenicol. a) all six strains grow on LB plates, as expected. b) on LB plates supplemented with 1mM dNS 

and streptomycin, DH5α no longer grows, where all other strains do, as expected. c) DH5α and REL606 do not grow on LB 

plates containing chloramphenicol, while ∆RNR31+pBAD33::mm-dAK is expected to grow. The three strains containing the 

second copy of mm-dAK and the pBAD33-gmR vector also grew on chloramphenicol, despite attempts to displace the 

chloramphenicol-resistant pBAD33::mm-dAK. d) only the three strains transformed with pBAD33-gmR were able to grow on 

LB plates containing gentamicin and streptomycin, indicating successful transformation with pBAD33::gmR. e) The same 

three strains containing pBAD33-gmR were also the only strains to grow on LB plates supplemented with streptomycin, 

gentamicin and chloramphenicol. This indicates that displacement of pBAD33::mm-dAK was not successful, and that both 

copies of pBAD33 are being maintained in the strains despite conflicting origins of replication. All plates were also 

supplemented with 1mM dNS, to allow growth of ∆RNR31 strains, and were grown for 16 hours at 37°C. 
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Appendix 11. Evolution experiment performed with ΔRNR strains in 

decreasing dNS 
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Appendix 12. Evolution experiment performed with ΔRNR strains in 

constant dNS concentrations 
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