
 

 

 

 

 

 

Doing without antibiotics: the pMB1 origin of replication as a 

novel selectable marker in enteric bacteria 

 

 

Oriana Losito 

 

University College London 

 

Thesis submitted for the Degree of Doctor of Philosophy 

 

 



 ii 

 

 

I, Oriana Losito, confirm that the work presented in this thesis is my own. Where information has 

been derived from other sources, I confirm that this has been indicated in the thesis. 

 

Signed: 

Date: 

 

 



 iii 

Abstract 

Plasmids are used in the biopharmaceutical industry for the production of recombinant proteins, 

recombinant DNA for DNA vaccines and as non-viral vectors for gene therapy. Antibiotic-

resistance genes are used for plasmid selection and to ensure plasmid maintenance. 

Regulatory bodies like the European Medicines Agency have introduced guidelines to limit the 

use of antibiotics and their resistance genes in the manufacture of therapeutics. Therefore, it is 

important to develop novel, effective methods for antibiotic-free plasmid selection. Cobra 

Biologics has designed a novel mechanism for antibiotic-free plasmid selection called 

oriSELECT. oriSELECT uses RNAI and RNAII, the antisense RNAs of the pMB1 plasmid origin 

of replication (ori) as the selectable marker. These two RNAs are involved in replication and its 

control of almost all plasmid vectors used commercially and academically. By placing the RNAII 

sequence in the E. coli chromosome upstream of either a toxic gene or a repressor for an 

essential gene, cell growth should be inhibited. In cells containing a plasmid with the pMB1 

replicon producing RNAI, transcription of the growth inhibitor is blocked allowing cell growth and 

survival. This work describes the testing of various cassettes useful for oriSELECT and the 

construction of oriSELECT strains. 
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1 Introduction 



 2 

1.1 Plasmid Biology 

1.1.1 A brief history of plasmids 

The term ‘plasmid’ was first used in 1952 to describe any “extrachromosomal hereditary 

determinant” (Lederberg, 1952). Plasmids often encode genes that give the host a selective 

advantage over other cells in a population. The first plasmid identified was the conjugative F 

plasmid (Lederberg et al., 1952). This was followed by the discovery of colicinogenic factors 

from enterobacteria in 1954, which are plasmids that encode the gene for colicin synthesis 

(Fredericq, 1958). In 1960, the R plasmids were identified through the transfer of their antibiotic-

resistance genes (Watanabe and Fukasawa, 1960). 

Plasmids are commonly defined as small, usually circular pieces of extrachromosomal, double-

stranded DNA that replicate autonomously. Plasmids can be lost or gained from cells by 

conjugation, transformation or transduction (Mazodier and Davies, 1991). They can also gain 

DNA by transposition. Some plasmids can promote their own transfer between cells whereas 

others can be mobilised by a conjugative plasmid. Some plasmids like the F plasmid can also 

integrate into the host cell chromosome via insertion sequences (Holloway, 1979). 

1.1.2 Plasmid topology 

Plasmids exist in different topological forms: covalently closed circles, open circles and linear, 

as visualised by electron microscopy (Roth and Helinski, 1967). Covalently closed circles have 

negative superhelical twists introduced by the enzyme DNA gyrase. Open circles occur when 

one strand of the plasmid DNA has been nicked, this leads to unwinding of the molecule and 

the plasmid is said to be relaxed. The linear plasmid results when both strands of DNA have 

been broken. The different topological structures of the plasmid have differing mobility in an 

agarose gel and can also be separated using caesium chloride-ethidium bromide density 

gradient centrifugation (Marmur, 1961).  

1.1.3 Plasmid mediated antibiotic-resistance 

Antibiotic-resistance genes can exert their effects by different mechanisms (Silva, 1996). The 

most common is for the resistance gene to encode an enzyme that modifies the drug to 

inactivate it. For example, the "-lactamase confers resistance to ampicillin by cleaving the "-

lactam ring. Chloramphenicol acetyltransferase (cat) confers resistance to chloramphenicol by 
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acetylation of the drug, which prevents it from binding to the ribosome and inhibiting protein 

synthesis. The ease of spread of resistance genes has led to multiple-drug resistant 

‘superbugs’. 

1.1.4 Plasmid incompatibility 

Plasmids are classed into different incompatibility groups. There are over twenty different 

incompatibility groups for enterobacteria. If two plasmids belonging to the same incompatibility 

group are present in the same cell, only one will be stably inherited. However, a cell containing 

two compatible plasmids is able to maintain them both. This is because if two plasmids have the 

same or similar type of replicon the inhibitor of replication will lower the copy number of both 

plasmids, as each plasmid responds to the total concentration of inhibitor within the cell (Novick, 

1987). High copy number plasmids are less sensitive to the replication inhibitor compared to low 

copy number plasmids. Therefore, in a cell containing one low copy number and one high copy 

number plasmid, the low copy number plasmid would be lost as it is less likely to replicate and 

at cell division the low copy number plasmid may not be segregated leading to a daughter cell 

that does not contain the low copy number plasmid. pMB1 and ColE1 are examples of two 

naturally occurring plasmids that were independently isolated. They share many of the same 

features including the mechanism of replication, they cannot coexist in the same cell so are 

classed in the same incompatibility group. However, they are compatible with other plasmid 

replicons of the ColE1 plasmid family. For example, the p15A replicon carried by the pACYC 

family and the CloDF13 replicon (Selzer et al., 1983; Warren and Sherratt, 1978). Point 

mutations in the replicon can create new incompatibility groups (Lacatena and Cesareni, 1981, 

Tomizawa and Itoh, 1981). 

The plasmid-partitioning (par) locus of low copy number plasmids is a second determinant of 

plasmid incompatibility. Compatible plasmids segregate independently due to the difference in 

their par sites (Austin and Nordström, 1990). 

Broad host range plasmids like RSF1010 (Scholz et al., 1989) are promiscuous and are able to 

be transferred between and stably maintained in a wide range of bacteria of different species. 

They encode many of their own proteins for replication, which reduces their reliance on the host 

(Valla, 1998). 
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1.1.5 Plasmid copy number 

Plasmids typically exist at a higher copy number than genomic DNA and various plasmids have 

different characteristic copy numbers. Copy number is defined as the number of plasmid 

molecules per chromosome. Some plasmids like F and R1 have a low copy number of one to 

two copies per cell, but others like ColE1 exist at a copy number of 15-30 copies per cell. 

Plasmid replication must be tightly regulated to maintain its characteristic copy number and to 

prevent damage to host cell growth. 

1.1.6 Plasmid stability 

Plasmids are subjected to various control mechanisms to ensure their faithful replication and 

segregation. These include control of replication to maintain plasmid copy number, control of 

segregation—in the case of low copy number plasmids—and preventing instability by multimer 

resolution. Additionally, the presence of a post-segregational killing (PSK) mechanism prevents 

the accumulation of plasmid-free cells. 

Plasmid stability refers to the probability of a daughter cell containing a plasmid following cell 

division (Cooper and Heinemann, 2000). To ensure stable inheritance, plasmids need to 

replicate once per cell division, correct any deviations in plasmid copy number and when the 

cell divides each daughter must inherit at least one plasmid. Most naturally occurring plasmids 

are stably inherited compared to non-natural plasmids. This is likely due to the co-evolution of 

the host and plasmid to reduce the metabolic burden of naturally occurring plasmids and the 

loss of these adaptive features in recombinant plasmids (Funnell, 2005). There are two types of 

plasmid instability: segregational instability and structural instability.  

1.1.6.1 Plasmid segregation 

Segregational instability arises when a daughter cell does not receive a plasmid at cell division 

leading to a strain of plasmid-free descendants. Plasmid replication and protein expression 

exhibit a burden on host cellular metabolism, reducing the growth rate (Diaz Ricci and 

Hernández, 2000). This metabolic burden does not directly affect the rate of plasmid loss. 

However, even if plasmid-free cells arise infrequently they are able to accumulate more rapidly 

and become dominant in the culture (Boe et al., 1987). 

Plasmids can be inherited by random distribution or via an active partitioning system. 
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1.1.6.1.1 Random distribution  

High copy number plasmids are inherited by random distribution. They are predicted to be 

stably inherited as the likelihood of one of the daughter cells not receiving a plasmid at cell 

division is low. The plasmid segregation frequency is the rate at which plasmid-free cells arise. 

The probability of generating plasmid-free cells is inversely proportional to the plasmid copy 

number at the time of cell division. The segregation frequency is equal to 2 (1-n), where n is the 

plasmid copy number. For example, a plasmid with a copy number of 20 has a predicted 

segregation frequency of 10-6. This is low enough to be virtually undetectable. It has been 

shown that in the absence of selection the rate of plasmid loss was much higher than predicted 

(Summers, 1991). This is likely due to the involvement of factors not accounted for in this 

calculation such as copy number variances and plasmid oligomerisation (Summers and 

Sherratt, 1984). 

1.1.6.1.2 Active partitioning 

If low copy number plasmids were segregated by random distribution there would be a high 

probability of plasmid loss. Yet, low copy number plasmids are stably maintained in the absence 

of selection pressure. This is due to an active partitioning mechanism. Active partitioning 

ensures that each daughter cell receives a plasmid at cell division. The par (partitioning) site is 

the name given to the region of the plasmid identified as being required for plasmid stability but 

not replication (Martin et al., 1987). Plasmids lacking par are distributed randomly.  

1.1.6.2 Structural instability 

Plasmid replication and recombination can lead to the formation of plasmid multimers, including 

head-to-tail dimers and higher oligomers. Plasmid multimers reduce the plasmid copy number 

as the copy number control mechanism recognises the number of replicons rather than the 

number of individually inheritable units. Dimers have twice the probability of replicating due to 

the presence of two origins of replication, which leads to their rapid accumulation. The rapid 

accumulation of plasmid oligomers is known as the ‘dimer catastrophe’ (Summers et al., 1993). 

This places a metabolic burden on the host cell reducing its growth rate, which leads to plasmid 

loss and an accumulation of plasmid-free cells. High copy number plasmids are more stable in a 

RecA- host compared to a RecA+ host due to their inability to multimerise in a recombination-
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deficient strain (Summers and Sherratt, 1984). Plasmids such as ColE1 contain resolution 

systems to prevent problems with multimerisation in recombination-proficient strains. In the 

case of ColE1 the resolution system is a DNA sequence called cer, which enables a multimer to 

be unidirectionally resolved back into monomers  (Summers and Sherratt, 1984).  

1.1.6.2.1 Resolution of plasmid and chromosomal multimers 

Resolution of plasmid multimers is performed by site-specific recombination. Recombination 

takes place at short, specific DNA sites approximately 30 bp in length containing dyad 

symmetry. Pairing of these crossover sites leads to the formation of a synaptic complex. Two 

recombinase molecules bind resulting in DNA cleavage, strand-exchange and rejoining of the 

DNA.  

There are two types of recombinases: tyrosine recombinases and serine recombinases, which 

are classified depending on the amino acid that forms the protein-DNA linkage. Tyrosine 

recombinases, also known as the lambda integrase family, break and rejoin single strands in 

pairs forming a Holliday junction intermediate. Serine recombinases, also known as the 

resolvase family, cut all strands in advance of strand exchange. The recombinase can be either 

plasmid-encoded—as the cre recombinase of plasmid P1—or host-encoded. Sometimes 

accessory sequences are also required.  

ColE1 plasmids use the E. coli host Xer-recombinases for plasmid resolution (Stirling et al., 

1988a). XerC and XerD are the two proteins that form the heteromeric recombinase—of the 

tyrosine recombinase family—that E. coli uses to resolve dimeric chromosomes. The Xer-

recombinases bind to the 28 bp dif site in the replication terminus region of the E. coli 

chromosome. XerC binds to the left and XerD to the right of the core site (Blakely et al., 1993). 

XerC catalyses top strand exchange forming a Holliday junction. Following this XerD catalyses 

exchange of the bottom strands. Chromosomal resolution at dif does not require accessory 

sequences. However, FtsK—an ATP dependent translocase—is required to activate XerD and 

to couple resolution with segregation and cell division. In the absence of FtsK, XerC catalyses 

cleavage and strand exchange but XerD remains inactive so the resulting Holliday junction can 

only be resolved back to the substrate (Aussel et al., 2002). 
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The Xer-recombinases also act at the cer site of ColE1 plasmids to resolve multimeric plasmids. 

The cer site is a 220 bp sequence that contains a 30 bp core sequence that binds XerC and 

XerD and approximately 180 bp of accessory sequences (Colloms et al., 1990). Plasmid 

resolution at cer requires accessory proteins ArgR, the arginine repressor and PepA, 

aminopeptidase A. ArgR together with its co-repressor L-arginine binds to the ArgR box on the 

DNA approximately 100 bp upstream of the crossover site (Stirling et al., 1988b) and two PepA 

hexamers binds on either side of ArgR (Stirling, 1989). The binding of the accessory proteins to 

the DNA brings the two directly repeated cer sites together resulting in the formation of a 

topologically defined synaptic complex. This acts as a topological filter to ensure intramolecular 

recombination. Resolution of Holliday junctions is performed by a Xer-independent process 

rather than by XerD activity (McCulloch et al., 1994). 

The cleavage of DNA in the site-specific recombination reaction is not by hydrolysis but by a 

transesterification reaction (Blakely et al., 1993). The tyrosine in the active site of the XerC 

recombinase acts as a nucleophile and attacks the DNA sugar-phosphate backbone at the 

crossover site. This results in the formation of a covalent recombinase-DNA intermediate. The 

5’ hydroxyl ends generated following this DNA cleavage then act as nucleophiles and attack the 

phosphodiester bond releasing the recombinase and religating the DNA, resulting in the 

recombinant product. 

1.1.6.3 Selection pressure 

To stably maintain non-natural plasmids, a suitable selection pressure is required. The most 

common method for plasmid selection and maintenance is using plasmids encoding antibiotic-

resistance genes and selecting for plasmid-containing cells in media containing the appropriate 

antibiotic. The antibiotic kills cells that do not contain a plasmid, so only plasmid-containing cells 

can propagate. 

1.1.6.4 PSK 

Some bacteria have evolved a PSK mechanism to eliminate plasmid-free cells if they arise 

(Kroll et al., 2010). This is not to improve plasmid stability, but has evolved to give the plasmid 

an advantage in terms of plasmid competition within a bacterial population (Cooper and 

Heinemann, 2000). Several different mechanisms for PSK are outlined below. 
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1.1.6.4.1 Antitoxin inhibits toxin by physical interaction 

The F plasmid uses the protein toxin/antitoxin pair CcdA/B (Couturier et al., 1998, Jaffé et al., 

1985). CcdB is a 11.7 kDa protein that binds to the A subunit of DNA gyrase, inhibiting its 

activity by trapping it in a cleavable complex and creating double-stranded breaks in the DNA, 

inducing the SOS response and causing cell death. CcdA is the 8.7 kDa antitoxin that binds to 

CcdB forming a tight complex, preventing it from binding to DNA gyrase. The CcdA antitoxin 

has a half-life of approximately one hour and is continuously being degraded by the E. coli Lon 

protease. Therefore, to protect the cell CcdA has to be synthesised continuously. The toxin is 

stable for over two hours. Therefore, if a plasmid-free cell results following plasmid segregation 

the toxin that is still present in the cell causes cell death. 

1.1.6.4.2 Antisense RNA inhibits toxin synthesis 

The genes for the toxin Hok (host killing) and antitoxin Sok (suppressor of killing) encoded on 

plasmid R1 are transcribed in opposite directions with an overlap of 128 bp at the 5’ ends 

(Gerdes et al., 1986). Hok is a low molecular weight (52 amino acid) toxic protein that acts on 

the cell membrane altering the membrane potential, changing the cell morphology and causing 

cell death. Sok is an antisense RNA that prevents translation of Hok by binding to the 5’ end of 

Hok mRNA and making the Hok ribosomal binding site (RBS) inaccessible to the ribosome. 

Upon plasmid loss the synthesis of both Hok and Sok stops. Hok mRNA is more stable than 

Sok mRNA with a half-life of twenty minutes. RNase E degrades Sok and the levels of antitoxin 

become too low to inhibit the toxin. Hok mRNA is then translated and the toxic protein can exert 

its effect killing the cell. 

1.1.6.4.3 Antitoxin protects cellular target of toxin 

In type II restriction-modification systems the toxic gene is a restriction endonuclease that acts 

on specific DNA sequences resulting in double-strand DNA breaks. The antitoxin is a 

methyltransferase, a modification enzyme that protects these DNA sequences by the transfer of 

methyl groups from s-adenosylmethionine to a specific nucleotide within a recognition site  

(Naito et al., 1995). Plasmid loss results in the discontinuation of toxin and antitoxin production 

together with dilution and degradation of the enzymes. Meanwhile, continued cell growth 

increases the amount of unmethylated recognition sites, as there is no longer enough antitoxin 
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present in the cell to protect the DNA. Sufficient endonuclease activity remains for restriction, 

which leads to cell death unless the DNA breaks are repaired by the cellular DNA repair 

mechanism. 

1.1.6.5 Bacteriocin production 

Some plasmids such as ColE1 produce the toxic peptide colicin, which is a specific type of 

bacteriocin. Colicin is released from the cell and kills any surrounding cells that do not contain 

the plasmid producing the antitoxin. Colicins act by binding to specific outer-membrane 

receptors of sensitive cells; they are then translocated to the cytoplasm where they exhibit their 

toxicity. Colicinogenic plasmids also encode the gene for the antitoxin, giving them resistance to 

their own toxin. This mechanism has evolved to exclude competition from other bacterial strains 

in a population (Riley and Gordon, 1999). 

1.1.7 Plasmid DNA replication 

Plasmids replicate independently of the host cell chromosome (Jacob et al., 1963). Replication 

can proceed unidirectionally (e.g. ColE1, RK2) (Lovett et al., 1974) or bidirectionally (e.g. F or 

R6K) (Lovett et al., 1975). The plasmid controls its own replication and maintenance but usually 

depends on host DNA replication proteins. The replicon is the smallest piece of DNA required 

for autonomous replication (Nordström, 1985). There are three different mechanisms of plasmid 

DNA replication: strand displacement, rolling-circle and theta (del Solar et al., 1998). Plasmid 

replication is tightly controlled to ensure that the rate of plasmid replication matches the rate of 

host cell division, ensuring plasmid stability. Disregulation of plasmid replication could result in 

plasmid loss decreasing plasmid copy number or an increase in plasmid copy number, which 

can be a high metabolic burden on the cell. 

1.1.7.1 The pMB1 origin of replication 

Two RNA molecules that are encoded by overlapping RNA transcripts control replication of the 

pMB1/ColE1 family of plasmids (Figure 1.1). RNAII forms the primer for replication and RNAI is 

the antisense inhibitor. RNAI from ColE1 was the first regulatory antisense RNA discovered 

(Tomizawa et al., 1981). 
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Replication of pMB1 plasmids follows the theta mode of replication. Replication occurs 

unidirectionally from the origin of replication (ori) and the plasmids use host cell proteins for 

replication. This has been demonstrated by plasmid replication in the presence of drugs that 

inhibit protein synthesis like chloramphenicol, when the bacterial chromosome is unable to 

replicate. This results in an increase in plasmid copy number up to 50-fold (Clewell, 1972). This 

showed that no plasmid-encoded protein is required for replication and that the necessary host 

proteins are stable. The ori is the position at which the first deoxyribonucleotide base is added 

to the leading strand RNA primer. There is some variability in the precise point of where this site 

is as it can occur at any one of three consecutive bases in ColE1 (Tomizawa et al., 1977).  
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Figure 1.1 – 2D representation of the mechanism of replication control of pMB1/ColE1 type 

plasmids. A: Transcription of RNAII by RNA polymerase. The RNAII transcript (blue) forms 

secondary structure of 3 stem-loops (SL-I, SL-II and SL-III). B: SL-III is disrupted by the 

formation of SL-IV. Formation of the DNA-RNA hybrid is followed by RNaseH cleavage at oriV. 

C: Primer extension from oriV by DNA polymerase I. D: The Rop protein (green) facilitates the 

formation of the ‘kissing complex’ between the RNAI transcript (orange) and the RNAII 

transcript (blue). 
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1.1.7.2 Initiation of plasmid replication by formation of the RNA pre-primer 

The replication primer, RNAII, is transcribed from the P2 promoter 555 bp upstream of oriV. 

RNAII is synthesised constitutively at a rate of 1 mol / 3 mins (Lin-Chao and Bremer, 1987). 

Transcription by RNA polymerase continues beyond the origin and terminates at different 

positions. Initially the RNAII transcript forms a structure similar to the cloverleaf structure of 

tRNA. Transcription beyond 200 nucleotides disrupts SL-III and a longer stem loop, SL-IV, 

forms though hydrogen-bonding of the complementary sequences of the " region (-359 to -380) 

with the upstream # domain (-463 to -483). This structure is very important for function, as once 

SL-IV has formed replication can no longer be inhibited. " is also able to bind to a sequence 

further downstream, $ (-303 to -324). The "-$ pairing results in the RNAII not being in a suitable 

conformation for RNaseH processing. The RNAII pre-primer forms a stable hybrid with a region 

on the complementary strand of template DNA (Masukata and Tomizawa, 1984). About half of 

the RNAII transcripts hybridise to the template DNA. A strong interaction between the highly 

conserved six guanine residues at –265 on the RNAII transcript and six cytosines in the -20 

region upstream of the ori on the template DNA, prevents the dissociation of RNAII from the 

template DNA (Masukata and Tomizawa, 1990). The DNA-RNA hybrid is termed the R-loop and 

is essential for processing by RNaseH. A single base change in the RNAII sequence can affect 

its structure and thus its ability to form the primer (Masukata and Tomizawa, 1984). Other 

important regions of RNAII are the two hairpin structures at the 3’ end of the molecule. The first 

at -160 to -187 is important for processing of the pre-primer by RNaseH and for primer 

extension (Masukata and Tomizawa, 1984, Naito et al., 1984). The second at -90 to -104 is 

important for R-loop formation (Masukata and Tomizawa, 1986). 

1.1.7.3 Primer processing and DNA synthesis 

RNaseH recognises the DNA-RNA hybrid and cleaves the RNAII pre-primer at the ori exposing 

a 3’-OH (Itoh and Tomizawa, 1980). All of the RNAII transcripts that terminated at different sites 

are cleaved to the same length. This product is recognised by DNA polymerase I, the product of 

the polA gene and serves as the primer for leader-strand DNA synthesis (Yang and Polisky, 

1993). The leader-strand extends for approximately 400 nucleotides separating the double-

stranded DNA template creating a structure known as a D-loop and exposing the primosome 
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assembly site (pas) on the displaced strand. DNA polymerase I is replaced by DNA polymerase 

III—the product of dnaE gene—for completion of plasmid replication (Allen et al., 2011). 

1.1.7.4 Alternative mechanisms for DNA replication 

RNaseH and DNA polymerase I are both key enzymes for plasmid DNA replication. However, in 

their absence, alternative less efficient mechanisms can be used for replication. In the absence 

of RNaseH, uncleaved RNAII can be used as a primer (Dasgupta et al., 1987, Naito et al., 

1984). In the absence of both RNaseH and DNA polymerase I, DNA synthesis can occur on the 

lagging strand by DNA polymerase III (Cesareni et al., 1991, Kogoma et al., 1985). 

1.1.7.5 Negative control of plasmid replication by RNAI 

Replication is inhibited by the antisense RNA, RNAI, a 108 nucleotide transcript complementary 

to the 5’ end of RNAII that is transcribed from the P1 promoter on the antisense strand of the 

DNA (Tomizawa et al., 1981). RNAI is constitutively synthesised at a rate of 1 mol / 30 sec, 

which is five times greater than the rate of RNAII synthesis (Lin-Chao and Bremer, 1987). RNAI 

interacts with RNAII preventing it from hybridising to the template DNA and forming the primer 

for replication. Like RNAII, RNAI forms a secondary structure of three stem-loops—SL-1, SL-2 

and SL-3—in a clover-leaf structure consisting of six to seven unpaired bases in each loop, 

exposing key single-stranded regions and a short 5’ tail nine nucleotides in length (Figure 1.2) 

(Tomizawa, 1984).  
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Figure 1.2 – Diagram of the secondary structure of the RNAI molecule. Image produced using 

the Mfold web server (Zuker, 2003). 
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Complementary base pairing is formed between bases in the loop regions of RNAI and RNAII. It 

is the secondary structure rather than the actual sequence of the bases in the loop regions that 

is critical for the interaction (Tomizawa and Itoh, 1982). An advantage of RNAI and RNAII being 

coded for by overlapping transcripts is that they are inherited together and mutations are less 

likely to be lethal as complementarity is preserved. The complete homology results in a strong 

interaction between the molecules. The RNAI-RNAII interaction progresses via a series of 

intermediates. Initially the complementary loop regions form weak interactions that are easily 

able to dissociate. This is converted to a more stable complex via hydrogen bond formation 

between complementary base pairs. The structure with RNAI and RNAII interacting though all 

three loops is called the ‘kissing complex’ (Fitzwater et al., 1984, Tamm and Polisky, 1985). The 

unpaired 5’ tail also pairs with the complementary sequence on the primer further stabilising the 

RNA duplex. RNAI lacking the 5’ tail interacts poorly with RNAII. Complete hybridisation to form 

a full-length double-stranded RNA molecule can occur, but this is not required for inhibition of 

replication (Tomizawa, 1984). RNAI is said to act at a distance. This is because RNAI is 

complementary to part of domain #, therefore, upon formation of the RNA duplex the " domain 

is free to pair with the $ domain preventing RNAII hybridisation with the template DNA for R-

loop formation at the ori. This leads to a continuation of transcription through the origin instead 

of primer processing by RNaseH, preventing initiation of DNA replication (Masukata and 

Tomizawa, 1986). In vitro, if RNAI is added following completion of primer transcription it is 

unable to block replication (Tomizawa and Itoh, 1982). There is a short period of time within 

which RNAI can bind RNAII to inhibit replication (Wong and Polisky, 1985). Therefore, the 

interaction between RNAI and RNAII must occur at the same time as transcription. When RNAII 

is shorter than 80 nucleotides it cannot interact with RNAI due to interference with the RNA 

polymerase. RNAII longer than 360 nucleotides—though still able to bind RNAI—no longer 

inhibits primer formation as the necessary secondary structure for replication is already 

established. Therefore, RNAI has to bind RNAII whilst the transcript is between 80 and 360 

nucleotides in length. Given that the rate of transcription at 37oC is approximately 60 

nucleotides per second, RNAI has four to five seconds in which to inhibit RNAII primer 

formation. Therefore, it is the rate of binding of RNAI to RNAII that governs the regulation of 

replication (Lin-Chao and Bremer, 1987).  
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1.1.7.6 Feedback mechanism in copy number control 

Regulation of copy number by RNAI is by a negative feedback loop. The concentration of RNAI 

is proportional to the plasmid copy number. If the copy number is high the concentration of 

RNAI is also high, and replication is inhibited. If the copy number is low the concentration of 

RNAI will also be low so replication will not be inhibited. This results in the plasmid having a 

specific copy number for a given set of conditions. 

1.1.7.7 RNAI degradation 

RNAI is an unstable molecule, it has a half-life of approximately two minutes during the 

exponential growth phase, which allows a cellular response to changes in the environment (Lin-

Chao and Cohen, 1991). RNAI is constantly degraded in the cell. The ribosomal RNA 

processing enzyme RNaseE binds the 5’ single-stranded tail of RNAI and performs an initial 

cleavage—between the fifth and sixth nucleotides of the 5’ end—resulting in a 103 nucleotide 

product (Tomcsányi and Apirion, 1985). This cleaved product interacts poorly with RNAII in vitro 

and is rapidly degraded (Tomizawa, 1984, Tamm and Polisky, 1985). The cleaved RNAI can be 

degraded further by polynucleotide phosphorylase (PNPase) (Xu and Cohen, 1995). RNaseE 

deficient strains show a decreased plasmid copy number due to the half-life of RNAI increasing 

from two minutes to sixteen minutes, leading to an accumulation of RNAI in the cell (Lin-Chao 

and Cohen, 1991). Degradation of RNAI is accelerated by polyadenylation at the 3’ end of RNAI 

catalysed by polyA polymerase, the product of the pcnB gene (Xu and Cohen, 1995, Xu et al., 

1993, Xu et al., 2002). Polyadenylation reduces the half-life of RNAI and reduces the affinity of 

RNAI for RNAII. Mutations in pcnB increase the half-life of the RNAI decaying intermediate 

(Lopilato et al., 1986). Deletion of the pcnB gene was found to decrease plasmid copy number 

ten-fold.  

1.1.7.8 Rop 

In 1980, Twigg and Sherratt discovered that the deletion of a highly conserved region 400-600 

nucleotides downstream of the ori in pMB1 plasmids led to a two to five fold increase in the 

plasmid copy number (Twigg and Sherratt, 1980). This region was later identified as the rom 

(RNAI modulator) gene. This gene encodes a 63 amino acid polypeptide known as Rop. The 

structure of Rop was solved by X-ray crystallography to 1.7 Å resolution (Banner et al., 1987). 
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The Rop protein monomer consists of two #-helices connected by a short loop. This dimerises 

forming a symmetrical four-helix coiled-coil bundle of approximately 45 Å in length, held 

together by hydrophobic interactions.  

Originally Rop was thought to affect primer transcription but, in experiments where the RNAI 

and RNAII promoters were fused to "-galactosidase, Rop had no effect on gene expression 

(Cesareni, 1982). Rop actually enhances RNAI inhibitory activity by accelerating the initial 

binding of RNAI to RNAII and reducing the dissociation constant of the RNA duplex. In the 

absence of Rop, RNAII can dissociate from RNAI 300-times faster (Eguchi and Tomizawa, 

1990, Tomizawa, 1985, Tomizawa and Som, 1984) and as discussed in section 1.1.7.5 the rate 

of RNAI binding to RNAII is crucial for its function (Som and Tomizawa, 1983). Rop is not a 

determinant of plasmid incompatibility, as cloning the rom gene on a compatible multicopy 

plasmid did not affect the replication of a co-resident pMB1 plasmid. Rop acts as an adaptor 

molecule to position the two RNA molecules for the interaction between the loops. Rop binds 

RNAI and RNAII in an equimolar ratio (Helmer-Citterich et al., 1988). Rop does not show any 

sequence specificity for the binding to the RNAI-RNAII ‘kissing complex’ but is highly sensitive 

to the conformation of RNAI. Mutational analysis has identified the amino acids that are critical 

for function. The amino acids involved in RNA recognition form a narrow strip down one face of 

the bundle and are symmetrically arranged with recognition centres around the two Phe14 

residues that interact with the loop region of the hairpin pair with additional interactions between 

eight polar residues and the phosphate backbone. It has been suggested that the Phe14 side-

chain aligns with the RNAI-RNAII ‘kissing complex’ stabilising it (Struble et al., 2008). Other 

mutations that decrease the activity of Rop are clustered at the extremities of the #-helix bundle 

(Castagnoli et al., 1989). 

The effect of Rop on plasmid copy number appears to be dependent on growth rate. A two- to 

three-fold increase in copy number has been observed in slow growing cells but in fast growing 

cells no increase in copy number has been seen (Atlung et al., 1999). 

1.1.7.9 Copy number mutants 

Plasmid copy number is determined by the relative strengths of the P1 and P2 promoters—

controlling expression of RNAI and RNAII respectively—and by the efficiency of the interaction 

between RNAI and RNAII. Mutations within regions of the plasmid responsible for the control of 
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replication can lead to alterations in plasmid copy number. Increasing expression from the P2 

promoter by a point mutation in the -35 sequence leads to an increase in copy number 

(Castagnoli et al., 1985). Deletion of the entire RNAI sequence abolishes control so the copy 

number is proportional to levels of RNAII transcription. This leads to ‘runaway’ replication, which 

can be lethal to the cell due to the limited availability of resources. Placing RNAII under the 

control of an inducible promoter results in plasmid copy number proportional to the levels of 

inducer (Chiang and Bremer, 1991, Panayotatos, 1984). Mutations resulting in partial 

inactivation of RNAI can result in a stable increase in copy number due to the formation of a 

new regulatory state. Mutations in the GC-rich region preceding the RNAI terminator lead to the 

formation of a longer RNAI transcript due to the absence of termination of RNAI transcription. 

This longer RNAI transcript is less effective at inhibiting replication due to the change in 

secondary structure and so results in an increased copy number (Muesing et al., 1981). Several 

point mutations within the RNAI/RNAII overlapping sequence which change G-C pairings to A-U 

pairings have been described. These mutations maintain the complementarity of base pairing 

but decrease the affinity of the interactions, increasing copy number (Boros et al., 1984, 

Lacatena and Cesareni, 1981, Tomizawa and Itoh, 1981). Larger mutations such as insertions 

or deletions can result in structural alterations in the stem-loop structure of RNAI and RNAII, 

thereby altering the interaction between the two molecules (Masukata and Tomizawa, 1986). 

Mutations further downstream in RNAII—outside of the RNAI complementary sequence—can 

increase plasmid copy number by stabilising the #-" conformation of the RNAII transcript 

(Polisky et al., 1990). 

Mutations in host enzymes that play a role in plasmid replication can also have copy number 

effects as described in sections 1.1.7.7 and 1.1.7.8. 

Temperature-sensitive point mutations in RNAII have been described that upon raising the 

temperature from 30oC to 42oC result in an increase in plasmid copy number due to the 

destabilisation of the RNAI/RNAII interaction (Lahijani et al., 1996; Wong et al., 1982). 

The pUC family of cloning vectors have a very high copy number in the range of hundreds of 

plasmids per cell. This is due to two mutations: the deletion of the rom gene and a G to A point 

mutation 112 nucleotides into the RNAII sequence (Lin-Chao et al., 1992).  
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1.2 Genetic Engineering 

Plasmids have become a useful tool for genetic engineering, as they are easily manipulated and 

simple to use. 

1.2.1 Recombinant DNA technology 

A series of discoveries in the early 1970s led to the development of recombinant DNA 

technology. In particular the isolation of the first restriction enzyme (Smith and Wilcox, 1970); 

the discovery of DNA ligase (Sgaramella et al., 1970) and the demonstration of the 

transformation of plasmid DNA into E. coli cells (Cohen et al., 1972). Collaboration between 

Herbert Boyer and Stanley Cohen combined these methods and showed that foreign DNA could 

be inserted into a plasmid in vitro using EcoRI to digest the DNA producing cohesive ends, 

followed by joining of the DNAs with T4 DNA ligase. This recombinant plasmid was then stably 

transformed into E. coli and selected for by antibiotic-resistance (Cohen et al., 1973). This was 

the foundation for the use of plasmids as cloning vectors, which has been a very important tool 

in research. 

1.2.2 Plasmids as cloning vectors 

Naturally occurring plasmids, like ColE1 and pSC101, have been adapted to make improved 

vectors for cloning. In 1977, the first artificial plasmid, pBR322 was made (Bolivar et al., 1977). 

pBR322 is 4,361 bp in length. It contains the replicon from pMB1, the ampicillin-resistance gene 

from RSF2124 and the tetracycline-resistance gene from pSC101 (Figure 1.3).  

Antibiotic-resistance is used for selection of the cloning vector following transformation into the 

host cell as plasmid-free cells are killed in the presence of the antibiotic. This is required as the 

transformation efficiency is quite low. Most cloning vectors are smaller than 10 kb in size, which 

helps facilitate isolation of the recombinant vector and also increases the transformation 

efficiency into cells. Smaller plasmids have the added advantage of having more unique 

restriction enzyme sites. Single sites for restriction endonucleases are required for cloning, 

preferably within genes with a readily scorable phenotype for example antibiotic-resistance 

genes, the ccdB toxin gene or lacZ’ to easily identify inserts. LacZ’ codes for the first 42 amino 

acids of "-galactosidase, which complements E. coli strains with a deletion of amino acids 11-

21 of the lacZ gene resulting in the production of a functional "-galactosidase. When DNA is 
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inserted into the multiple cloning site the lacZ’ gene is disrupted so functional "-galactosidase 

cannot be produced (Figure 1.3). This allows for easy selection of integrants upon plating on 

agar containing isopropyl "-D-1-thiogalactopyranoside (IPTG), and the lactose analogue 5-

bromo-4-chloro-indolyl-"-D-galactopyranoside (X-gal). Upon induction with IPTG, "-

galactosidase metabolises X-gal to a blue product. A non-recombinant plasmid is able to 

synthesise "-galactosidase so is blue. Recombinants unable to synthesise "-galactosidase are 

white. The cloning efficiency can be measured by the number of white colonies—that contain an 

insert—compared to the total number of colonies.  

 A high copy number plasmid facilitates DNA isolation and also means that the cloned gene is 

present in many copies. However, if the cloned gene is harmful to the cell, low copy number 

plasmids are useful. Cloning vectors have been adapted to be non-conjugative and non-

mobilisable for gene containment, reducing the risk of the spreading of genes to environmental 

pathogens. If a high level of expression of the gene product is required the gene can be cloned 

downstream of a strong, inducible promoter and there are commercially available expression 

vectors for this purpose. Also, shuttle vectors exist, which can propagate in more than one host 

to allow transfer of genes from E. coli to another organism. 
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Figure 1.3 – Diagrams of plasmids pBR322 and pUC19 with key features annotated. 
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1.2.3 Recombinant plasmids and the biotechnology industry 

The biotechnology industry started in the 1970s on the back of developments in research in 

genetic engineering described in section 1.2.1. The development of these techniques meant it 

was easy and cost-effective to produce large quantities of plasmid DNA using multicopy 

plasmids and scaling-up production in fermenters. 

Genentech founded by Robert Swanson and Herbert Boyer in 1976 was one of the first 

biotechnology companies. In 1977, the production of somatostatin (a human growth hormone 

inhibitory factor) made Genentech the first company to manufacture a human protein in 

bacteria. In 1978, Genentech manufactured synthetic human insulin in E. coli. This product was 

approved to market by the US Food and Drug Administration (FDA) in 1982, and subsequently 

licensed to Eli Lilly in 1983. The product ‘Humulin’ was the first genetically engineered human 

therapeutic approved for use (Johnson, 1983). The first recombinant vaccine to be licensed by 

the FDA came in 1986 with a vaccine for hepatitis B produced by Chiron Corporation. 

More recent research has focused on the use of plasmid DNA as a preventative or therapeutic 

product in the form of DNA vaccines against infectious diseases or cancer and as a non-viral 

gene delivery vector for gene therapy.  

1.2.3.1.1 Plasmid DNA vaccines 

It was observed that intramuscular injection of mice with ‘naked’ plasmid DNA encoding the "-

galactosidase gene led to intracellular expression of the enzyme (Wolff et al., 1990). The 

enzyme was detectable up to sixty days after injection showing that the plasmids can be 

maintained and transcribed for a period of time before elimination, which is ideal when transient 

gene expression is required. This demonstrated the potential for DNA vaccines. 

Plasmids for DNA vaccines are designed to express genes encoding antigens from a 

pathogen—or a tumour cell, in the case of vaccines against cancer—within the recipient 

organism. These antigens are then recognised as foreign and elicit an immune response 

(Kutzler and Weiner, 2008). Details of this will be described further in section 1.2.3.1.4. 

There are many advantages of DNA vaccines compared to recombinant-protein vaccines. They 

are a safe mimic of infection. They activate both the humoral and cellular pathways of immunity 
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compared to traditional vaccines that only elicit a humoral response. Traditional vaccine 

production is also a lengthy process, whereas DNA vaccines can be produced in as little as two 

weeks (Hoare et al., 2005). Also, plasmid DNA is much more stable at ambient temperatures 

compared to recombinant protein vaccines, which is particularly advantageous in the developing 

world where refrigeration is an issue (Middaugh et al., 1998). 

1.2.3.1.2 Plasmid DNA as a non-viral vector for gene therapy 

Gene therapy is a method for treating a genetic disease by delivering a therapeutic, wild-type 

gene to correct a faulty gene in a specific organ or tissue thus alleviating any symptoms. Gene 

therapy has been successful using viral vectors but there are issues regarding their safety in 

terms of side effects, immunogenicity of the viral packaging protein and the potential for 

insertional mutagenesis into the host genome (Somia and Verma, 2000). Non-viral vectors like 

plasmid DNA are safer to use—particularly as there is no risk of reversion, causing illness—and 

they are cheaper to manufacture. However, their efficacy needs to be improved.  

1.2.3.1.3 DNA delivery methods 

There are several different methods for DNA delivery, each with associated advantages and 

disadvantages (Han et al., 2009). The simplest method for DNA delivery is intramuscular or 

intradermal injection of ‘naked’ plasmid DNA. However, this has relatively low transfection 

efficiency. DNA can be complexed with a biodegradable chemical carrier—like a cationic 

polymer, lipid or peptide—to obtain a condensed particle. This protects the DNA from 

nucleases, it can also be used to target DNA to specific cell types and control the release of 

DNA in response to environmental changes. To enhance gene uptake and expression injection 

can be followed by electroporation as the high strength electrical pulse results in local tissue 

damage, which recruits dendritic cells, macrophages and lymphocytes to the injection site. The 

primary issue here is the safety of electroporation. In terms of global vaccination the use of 

needles is a problem in the developing world. An alternative method of DNA delivery that does 

not require the use of needles is the use of a gene gun for bioballistic delivery. The plasmid 

DNA is coated onto gold microbeads, which penetrate the cells for delivery directly to the 

cytoplasm or nucleus. The main problem with this method is the associated cost. Other 

methods include the use of ultrasound, hydrodynamic pressure, nasal inhalation or the use of a 

skin patch. A more recent development is the use of live, attenuated pathogenic bacteria such 
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as Salmonella or Shigella to deliver plasmid-encoded antigens from an unrelated pathogen 

(Schoen et al., 2004). The bacteria are taken up by antigen presenting cells (APCs) in Peyer’s 

patches and elicit an immune response. The strains are easy to manufacture. There is no 

requirement for amplification of plasmid DNA and the antigens do not need to be purified which 

reduces cost. They are easy to administer as they can be given orally. There is an enhanced 

presentation to the immune system as the bacteria exhibits immunogenicity without causing 

disease and it gives better protection against disease, with a longer lasting response using a 

single dose. Live bacterial vaccines are safer, as if they do revert and cause an infection 

patients can be treated with antibiotics. 

1.2.3.1.4 Immune response 

An overview of the immune response to plasmid DNA vaccines is shown in Figure 1.4. Delivery 

of plasmid DNA leads to the transfection of surrounding cells: oral delivery leads to transfection 

of mucosal cells; intramuscular injection leads to transfection of myocytes and intradermal 

injection leads to transfection of keratinocytes. Dendritic cells—immature cells that reside in 

muscle, which mature forming highly specialised APCs—can also be transfected directly. 

Antigen expressed in the transfected cell is displayed on the Major Histocompatibility Complex 

(MHC) Class I receptors on the cell surface. Antigens endogenously expressed in dendritic cells 

are presented on both MHC Class I and MHC Class II molecules of the APCs. Antigens can 

also be released from cells and taken up by APCs; this is termed ‘cross-priming’. Antigen 

loaded APCs migrate to the draining lymph node via the afferent lymphatic vessels where they 

signal to naïve T-cells. Antigens on MHC Class I molecules prime the CD8+ cytotoxic T 

lymphocytes resulting in the cellular immune response. Antigens on MHC Class II prime the 

CD4+ helper T-cells resulting in the humoral immune response. The cellular immune response 

results in the activation of macrophages, natural killer cells and cytotoxic T lymphocytes, which 

cause cell death by apoptosis via recognition of foreign antigens. Cytokine secretion can also 

be stimulated, resulting in activation of the adaptive immune response. The humoral immune 

response results in activation of T-cells and B-cells. CD4+ helper T-cells signal via T-cell 

receptors to MHC Class II molecules on B-cells and antigens can also bind B-cell receptors. 

Activation of B-lymphocytes leads to their maturation to plasma cells that secrete antigen-

specific antibodies, which bind to immunoglobulin receptors on the cell surface and mediate 
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lysis of infected cells by the complement cascade. Both activated T-cells and B-cells can travel 

though the lymphatic system providing an immune surveillance system. Immunostimulatory 

sequences on the plasmid such as CpG motifs act as an immune adjuvant. Interaction with the 

toll-like receptor TLR9 on the APCs induces the production of proinflammatory cytokines such 

as IL-1, TNF-# and IFN-$, which enhance the non-specific immune response. 
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Figure 1.4 – Overview of the immune response to a plasmid DNA vaccine. 
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1.2.3.1.5 Clinical trials and approved DNA therapeutic products 

Before licensing a therapeutic product it needs to go through various stages of clinical trials. 

Initially phase I trials evaluate the safety and dosage levels. These typically only involve a few, 

often healthy individuals. Phase II trials assess the efficacy of the therapeutic on a small scale. 

Phase III trials use hundreds of patients nationally or globally to further assess efficacy and 

possible side effects. According to the Journal of Gene Medicine Gene Therapy Clinical Trial 

database (2012) 18.5% (341 out of 1843) of gene therapy clinical trials are using plasmid DNA 

vectors (www.wiley.co.uk/genmed/clinical). 

The first clinical trial of a DNA vaccine took place in 1998, where the safety of a DNA vaccine 

against HIV-1 infection was investigated (MacGregor et al., 1998). The trial used healthy 

participants and the DNA vaccine showed no adverse effects. The first DNA vaccine to be 

licensed was produced by Ft Dodge Animal Health in the USA against West Nile virus in horses 

in July 2005 (Powell, 2004). Since then a few other plasmid DNA vaccines have been licensed 

for veterinary use. One approved in Canada in 2005 for infectious haematopoietic necrosis virus 

in salmon was produced by Novartis (Lorenzen and LaPatra, 2005). A melanoma cancer 

vaccine for dogs produced by Merial was approved in the USA in 2007 (Elvidge, 2010). The first 

approved gene therapy product was a growth hormone releasing factor therapy for pigs 

produced by VGX Animal Health Australia in 2007 (Person et al., 2008). Although plasmid DNA 

therapeutics have shown a strong protective immune response in animal models they have 

been less successful in humans as higher doses are required for sufficient cell-mediated 

immunity. 

1.3 Manufacture of plasmid DNA 

The production of high quality plasmid DNA is relatively easy and cheap on a laboratory scale. 

Optimisation of the manufacturing process aims to increase the yield and quality of plasmid 

DNA ensuring cost-effectiveness (Prather, 2003). 

1.3.1 Host strain 

E. coli continues to be the most commonly used host for production of both recombinant DNA 

and recombinant proteins, providing post-translational modifications are not required 

(Lukacsovich et al., 1990). This is due to its rapid growth rate, the low cost of production and the 
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large number of mutant host strains that are available. The extensive research carried out on 

the optimisation of the manufacturing process means that a high cell density can be achieved. 

When manufacturing DNA for clinical trials the host strain selected for production must be well 

characterised both genotypically and phenotypically and shown to be free of viruses or other 

adventitious agents. Modifications can be made to the host strain to improve production like the 

use of RNase strains (Cooke et al., 2001), autolytic hosts to aid purification (Carnes et al., 2009) 

or auxotrophic hosts for antibiotic-free plasmid maintenance, which will be described in section 

1.5.1.  

1.3.2 Vector 

Plasmids with the pMB1 replicon are generally preferred vectors as they have a high copy 

number, which results in an increased product yield. Chemical methods to increase plasmid 

copy number by inhibition of protein synthesis using drugs like chloramphenicol (Clewell, 1972) 

are not practical for manufacturing of pharmaceuticals so this has to be achieved by vector 

design. Methods to increase plasmid yield include mutations to increase copy number for 

example by using a temperature-inducible replicon (Uhlin et al., 1979) and improving plasmid 

stability, minimising product loss. 

The yield of plasmid DNA is also affected by the orientation of the antibiotic-resistance gene 

with respect to the ori. The ori needs to be protected from transcriptional readthrough from 

adjacent genes to prevent plasmid destabilisation and reduced plasmid copy number (Engels 

and Meyer, 1993). 

The minimum features required by the vector are: the replicon for propagation in the bacterial 

host; a selectable marker that is preferably not an antibiotic-resistance gene and the gene of 

interest. The gene of interest is usually under the control of a strong viral promoter and followed 

by a transcriptional terminator. The vector can also contain immunostimulatory sequences such 

as unmethylated cytosine-phosphate-guanine (CpG) dinucleotides that stimulate an adaptive 

immune response by triggering the induction of proinflammatory cytokines, thus contributing to 

the immunogenicity of the DNA vaccine. This is particularly important in terms of cancer 

vaccination as tumour cells often downregulate antigen expression and secrete 

immunosuppressive molecules to protect themselves from the immune system. Plasmid DNA 
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can also encode other immunostimulatory molecules like cytokines or chemokines to improve 

the immunogenicity of the vaccine. 

Before proceeding to clinical trials the vector must be fully characterised and sequenced. After 

the trial stage if modifications are made to the vector, it would need to go back through the 

clinical trial process to ensure that there are no detrimental effects. This is because minor 

variations in the plasmid backbone can alter expression levels, intracellular localisation and the 

immune response. However, established and well-characterised vectors would need to undergo 

less testing if the backbone sequences are the same.  

1.3.3 Bacterial growth by fermentation 

High yields of plasmid DNA can be obtained through large-scale fermentation and optimisation 

of the growth conditions. Batch fermentation results in an oxygen-limited environment causing a 

switch to anaerobic metabolism. This leads to the accumulation of toxic by-products, like 

acetate, that inhibit protein production and cell growth resulting in cell death and consequently 

reducing the yield of plasmid DNA. Use of fed-batch fermentation, where nutrients are 

constantly fed into the system, obtains higher cell densities. The fermentation process can be 

optimised in terms of pH, dissolved oxygen concentration, temperature and the nutrients 

provided. It has been shown that conditions optimal for cellular growth are not optimal for 

plasmid yield due to the resources in the cell being diverted to host cell metabolism 

(Reinikainen et al., 1989). 

1.3.4 Downstream processing 

Following growth of the cell culture plasmid DNA needs to be extracted from host cells and 

purified. Cells are harvested by centrifugation or microfiltration. They are then broken open to 

release the plasmid DNA.  The cell debris containing proteins, lipid and genomic DNA is then 

separated from the fraction containing the plasmid DNA. Various different chromatographic 

methods can then be used to purify the plasmid DNA from any remaining contaminants. These 

procedures result in the final product, which is assayed to assess purity (Hoare et al., 2005). 

1.3.5 Safety and regulation of biopharmaceuticals 

The use of recombinant plasmids and genetically modified organisms for whole-cell vaccines 

must follow regulatory guidelines to ensure their safety. Pharmaceutical products have to meet 
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the criteria set by the regulatory agencies like the FDA and European Medicines Agency (EMA) 

(EMA, 2001). The final product must be assayed for purity to avoid contamination, which could 

impact quality, efficacy and could result in undesirable and unpredictable side effects. Sources 

of contamination include: the host cells in the form of secreted protein and DNA; raw materials 

such as residual antibiotics or the manufacturing process such as side products resulting from 

degradation (Ferreira et al., 2000). The potential for horizontal gene transfer is an important 

consideration in terms of plasmid DNA pharmaceuticals. The use of plasmids that contain a 

conditional suicide system can be used to control the life cycle and reduce the horizontal 

transfer frequency (Molin et al., 1987). However, these circuits could be inactivated though 

mutations. To avoid this, more complex circuits could be built using more than one lethal 

function and different regulatory mechanisms (Molin et al., 1993, Torres et al., 2003). 

In relation to whole-cell vaccines, the use of genetically-modified pathogenic bacteria must be 

assessed in terms of risk to human or animal health. Many strains commonly used are unlikely 

to propagate outside of the laboratory, as they are dependent on nutrients for growth that are 

not normally found in the environment and are modified so are unable to transfer their DNA to 

other microorganisms. Gene containment strategies such as suicide plasmids described above 

and biological containment strategies: such as controlling the bacterial life cycle to reduce its 

dissemination in the environment and thus the impact on the population are both important. One 

strategy particularly useful in preventing reversion risk from live attenuated bacterial vaccines is 

the use of ghost cells – non-living whole cell vaccines. 

1.4 Issues relating to the use of antibiotic-resistance genes as a selectable marker 

Antibiotic-resistance genes are commonly used as a selectable marker for plasmid-containing 

cells and to ensure plasmid maintenance. Industrial manufacture of plasmid DNA aims to 

produce a high yield of high quality product at low cost that complies with biosafety regulations. 

Using antibiotic-resistance genes as the selectable marker impacts on all of these factors as 

detailed below. 

1.4.1 Manufacturing process 

Some antibiotics are diluted, degraded or inactivated over time in high cell density cultures 

resulting in insufficient selection pressure (Baneyx, 1999). "-lactamases can leak out of the cell 
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and degrade ampicillin in under thirty minutes (Jung et al., 1988). Antibiotics or side-products 

resulting from antibiotic degradation need to be removed during downstream purification. It is 

expected that normal downstream purification procedures would be sufficient to remove these 

impurities. However, even small amounts of contamination could potentially result in side 

effects. This is particularly problematic in terms of "-lactam antibiotics to which many people are 

allergic and can cause anaphylaxis, which is why they are now banned from use in production 

(FDA, 1998). 

1.4.2 Metabolic burden 

Antibiotic-resistance genes are expressed at a constitutively high rate, much higher than the 

level actually required for resistance. For example, the gene product of the kanamycin-

resistance gene was shown to constitute 18% of the total protein content of the cell (Rozkov et 

al., 2004). Overexpression of the resistance gene places a great metabolic burden on the host 

cell. Protein overexpression also results in an increased cellular oxygen demand (Kay et al., 

2003). The limited availability of aminoacyl tRNAs result in a negative impact on cellular growth 

rate, protein synthesis and consequently plasmid yield. Placing the resistance gene under the 

control of a weaker promoter restores normal growth rate (Lee and Edlin, 1985).  Reducing 

resistance gene expression has also been shown to double the amount of recombinant protein 

production (Panayotatos, 1988). It has been shown that if the level of gene expression from the 

plasmid constitutes more than 12% of the total cellular protein, the cellular growth rate 

decreases and there is a growth advantage for plasmid-free cells in the absence of selection 

(Ogden et al., 1992). 

1.4.3 DNA sequences 

Deletion of the "-lactamase (bla) gene from a therapeutic plasmid increased transgene 

expression two-fold and removal of other backbone sequences including the lacZ# 

complementation sequence further improved transgene expression (Hartikka et al., 1996). 

Reduction of plasmid size upon removal of the resistance gene has also been shown to 

increase transfection efficiency and improve plasmid stability (Kreiss, 1999). Following 

transfection of the plasmid into mammalian cells there is a risk of resistance gene expression in 

the recipient cell from mammalian promoters, which needs to be avoided (Hartikka et al., 1996). 
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Therefore, non-essential gene sequences should be removed from the vector and the potential 

consequences of the genes used should be considered (WHO, 2007). 

1.4.4 Biosafety 

It is important to avoid the risk of spreading antibiotic-resistance genes to endogenous microbial 

flora or pathogens by horizontal gene transfer as this could potentially contribute to the problem 

of multi-drug resistant organisms. This is why antibiotics commonly used in the clinic are not 

permitted to be used for selection (EMA, 2001). The use of kanamycin, neomycin and to some 

extent tetracycline are still acceptable as they are rarely used in clinics (Smith, 1994). 

1.4.5 Summary 

The reasons described above are why the regulatory authorities like the EMA and the FDA have 

put in place guidelines recommending that alternative methods of selection should be used in 

place of antibiotic-resistance where possible (EMA, 2001). It is likely that in the near future there 

may be a zero-tolerance policy regarding the use of antibiotic-resistance genes. This is why it is 

important to develop new methods for antibiotic-free plasmid selection (Dröge et al., 1998). 

The ideal selection marker should allow the production of large quantities of high quality product 

cost effectively. The marker gene should be small; should not activate the immune system; 

should not require any potentially harmful compounds; must not be toxic to eukaryotic cells and 

the gene should not provide the recipient organism with any selectable advantage if horizontal 

gene transfer were to occur. 

Various different methods have been developed to try and find alternative methods for selection 

and stable maintenance of plasmids. These methods each have associated advantages and 

disadvantages.  

1.5 Methods for antibiotic-free plasmid selection 

One method to overcome the problem of genetic instability of plasmids would be to integrate the 

gene into the bacterial host chromosome. However, this would result in a lower gene dosage 

compared to the presence of a gene on a multicopy plasmid. Various methods to achieve 

plasmid selection and stable maintenance without using antibiotics and their resistance genes 

outlined in and are described in further detail below. 
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Method  Reference 

Auxotrophic complementation cI repressor (Rosteck Jr and Hershberger, 1983) 

 rpsL (Miwa et al., 1984) 

 valS (Skogman and Nilsson, 1984) 

 rrnB (Lukacsovich et al., 1990) 

 dapD (Degryse, 1991) 

 IF1 (Hägg et al., 2004) 

 glyA (Vidal et al., 2008) 

 QAPRTase (Dong et al., 2010) 

 thyA (Marie et al., 2010) 

pCOR  (Soubrier et al., 1999, Soubrier et 
al., 2005) 

Antisense peptide nucleic acid  (Dryselius et al., 2003) 

Antisense RNA RNAIN/RNAOUT (Luke et al., 2009, Carnes et al., 
2010) 

 RNAI/RNAII (Cranenburgh, 2006, Mairhofer et 
al., 2008)!

Operator-Repressor Titration  (Cranenburgh et al., 2001, 
Cranenburgh et al., 2004) 

Toxin/Antitoxin  (Szpirer and Milinkovitch, 2005, 
Peubez et al., 2010) 

Overexpression of essential gene fabI (Goh and Good, 2008) 

Minicircles  (Darquet et al., 1997, Chen et al., 
2003, Chen et al., 2005, Kay et al., 
2010; Tolmachov, 2010) 

Table 1.1 – Overview of the methods developed for antibiotic-free plasmid selection. 
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1.5.1 Complementation of host cell auxotrophy 

An auxotrophic cell is unable to synthesise a particular organic compound essential for its 

growth. The following methods share the common feature of the inactivation of an essential 

chromosomal gene by either mutagenesis or deletion and the insertion of the wild-type gene 

into the plasmid to restore bacterial growth.  

Cells lysogenised with bacteriophage lambda (!) lacking the cI repressor were maintained in the 

lysogenic state by plasmids expressing the repressor (Rosteck Jr and Hershberger, 1983). 

Plasmid loss resulted in the cell entering the lytic cycle thereby selecting against plasmid loss. 

Plasmid stability was 100% after 132 generations, as cells that had lost the plasmid underwent 

lysis and so were undetectable. 

An E. coli Smd host dependent on streptomycin for growth required a plasmid expressing the 

rpsL gene from the streptomycin resistant Smr mutant to allow cell growth in the absence of the 

antibiotic (Miwa et al., 1984). This system ensured plasmid stability greater than 99% in the 

absence of antibiotics.  

A heat-sensitive mutation in the chromosomal valS gene—that codes for valyl-tRNA 

synthetase—creates a host strain that is only able to grow at 30oC (Skogman and Nilsson, 

1984). Complementation of this mutation by a copy of the wild-type valS gene on the plasmid 

allowed cell survival at 37oC. This method of plasmid complementation resulted in plasmid 

maintenance in the absence of selection for over 200 generations at 37oC, compared to a rate 

of plasmid loss of 1.2% per generation at 30oC. However, as the chromosomal gene was 

mutated rather than deleted restoration of the wild-type gene was possible via homologous 

recombination with the plasmid-borne gene. 

Deletion of the essential gene rrnB—coding for the ribosomal L1 protein—from the chromosome 

created an auxotrophic strain that is only able to survive with a complementation plasmid 

containing the rrnB gene under the control of the lac repressor (Lukacsovich et al., 1990). 

A dapD2 mutant E. coli host deficient in diaminopimelate (DAP)—a precursor of lysine and a 

component of bacterial cell walls—can only survive if DAP is present in the growth medium. The 

complementation plasmid expressing the wild-type dapD gene allowed for plasmid selection in 
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both solid and liquid medium lacking DAP (Degryse, 1991). However, again the gene was only 

mutated and not deleted so the wild-type gene could be restored to the chromosome via 

recombination with the gene on the plasmid. 

Plasmid complementation of the essential gene infA—that codes for the protein translation 

initiation factor IF1—deleted from the host chromosome prevented the accumulation of plasmid-

free cells (Hägg et al., 2004). This method does not require special growth media. There is no 

chance of effects from cross-feeding, as any IF1 that may have leaked into the media from 

lysed cells cannot be absorbed by other cells. 

Deletion of the glyA gene encoding serine hydroxymethyl transferase, an essential enzyme in 

the glycine biosynthesis pathway, created a glycine auxotroph. Complementation was achieved 

by the glyA gene on the plasmid under the control of a weak constitutive promoter (Vidal et al., 

2008). A weak promoter was used to avoid metabolic burden effects. The host grew poorly on 

minimal media unless it contained the complementation plasmid or the media was 

supplemented with glycine. Recombinant protein production by this strain was tested and the 

protein yields were comparable to strains using an antibiotic-resistance gene as the selectable 

marker. 

Knocking out the quinolinic acid phosphoribosyl transferase (QAPRTase) gene from the E. coli 

host chromosome created a strain defective in de novo biosynthesis of NAD. This auxotroph 

was complemented by the mouse QAPRTase gene on a plasmid (Dong et al., 2010). This is the 

first example where a vertebrate gene was used in a plasmid-selection system. The QAPRTase 

gene is essential in conditions of nutritional deficiency. The host strain was maintained in 

minimal media supplemented with the NAD precursor nicotinic acid and plasmid selection was 

carried out in minimal media without nicotinic acid. Following six days of continuous growth 

100% plasmid stability was observed. An advantage of this method is that the QAPRTase gene 

is ubiquitous in species from bacteria to mammals, so, if horizontal gene transfer were to occur 

the recipient organism would not gain any advantage.  

ThyA is an essential chromosomal gene that encodes the enzyme thymidylate synthase, that 

catalyses the de novo synthesis of the DNA precursor thymidine monophosphate (dTMP) from 

deoxyuridine monophosphate. An amber nonsense mutation, CAT to TAG in His 147 of thyA 

creates a thymidine auxotrophic strain. The pFAR vector encodes an amber suppressor tRNA 
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histidine tRNA with a modified anticodon (AUG to CUA) that enables full translation of thyA, 

suppressing the chromosomal amber mutation and restoring normal growth (Marie et al., 2010). 

Selection was achieved in Mueller Hinton Broth, which contains only trace amounts of thymidine 

so the thyA mutant was unable to grow. Prior to transformation with the plasmid, cells were 

maintained in media supplemented with thymidine. The pFAR vector showed efficient gene 

delivery into muscle cells by electroporation and a higher level of transgene expression when 

compared to a traditional plasmid with an antibiotic-resistance gene. Removal of unnecessary 

prokaryotic DNA sequences resulted in a reduction of plasmid size, increasing the transfection 

efficiency and improving safety due to the removal of immunostimulatory DNA sequences. 

Selection methods based on complementation of a host cell auxotrophy have also been used 

for antibiotic-free plasmid maintenance in other bacterial species such as Salmonella 

typhimurium and Vibrio cholerae amongst others (Galán et al., 1990, Morona et al., 1991, Ryan 

et al., 2000). 

1.5.2 pCOR 

The pCOR plasmid was designed as a new vector for gene therapy (Soubrier et al., 1999). 

pCOR has the R6K conditional replicon that requires the initiator protein, %, encoded by the pir 

gene. The pCOR plasmid does not contain the pir gene, instead the gene was integrated into 

the host genome. Therefore, pCOR plasmids can only replicate in a host producing the % 

initiator protein, which limits the possibility of propagation in other bacterial strains in the 

environment. The selectable marker in pCOR is an amber suppressor tRNA specific for 

phenylalanine. The host strain contains an amber mutation in the argE gene that encodes the 

enzyme N-acetylornithine deactylase, which is essential for arginine biosynthesis. The mutation 

results in production of an inactive truncated protein, therefore, this strain is unable to grow in 

minimal media lacking arginine. Expression of the suppressor tRNA from the plasmid results in 

the correct translation of the mRNA from the argE gene producing the full-length active protein 

and allowing cell growth in minimal media lacking arginine. Incorporation of the cer gene 

improved stability of pCOR plasmids. A mutation in the pir gene results in a five-fold increase in 

plasmid copy number improving the yield of plasmid DNA (Soubrier et al., 2005). 
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1.5.3 Antisense Peptide Nucleic Acid 

A synthetic antisense peptide nucleic acid (PNA) complex was targeted to the essential E. coli 

gene acpP (Dryselius et al., 2003). Binding of the PNA to acpP mRNA blocked gene 

expression, killing cells within two hours. A modified acpP gene, acpP-1, on a plasmid with an 

altered binding site to which the PNA is unable to bind allows growth in the presence of the 

PNA. The selection efficiency was 100%. The advantages of this method are that special 

growth conditions and host strains are not required. However, this method is not practical on an 

industrial scale due to the expense of synthesising the PNA. 

1.5.4 Antisense RNA 

Nature Technology Corporation developed a method for plasmid selection using an antisense 

RNA to control the expression of a toxic gene (Luke et al., 2009). RNA-IN and RNA-OUT, the 

antisense RNAs from the insertion sequence IS10 that controls transposase expression were 

used. The toxic gene used was the sacB gene from Bacillus subtilis that encodes the enzyme 

levansucrase, which is toxic to E. coli cells in the presence of sucrose. A cassette containing the 

constitutively expressed RNA-IN sequence upstream of the sacB gene was integrated into the 

E. coli chromosome. These cells were therefore unable to grow on media containing sucrose. 

The 150 bp RNA-OUT antisense RNA transcribed from the vector hybridises to RNA-IN RNA 

and represses expression of the sacB gene allowing selection on media containing sucrose. 

100% plasmid selection was achieved both on solid and in liquid culture at a minimum 

concentration of 0.5% sucrose. Conversion of a traditional kanamycin-resistant vector to an 

antibiotic-free vector resulted in a high yield of plasmid DNA and a high level of transgene 

expression (Carnes et al., 2010). 

An alternative approach developed by Boehringer-Ingelheim uses RNAI and RNAII, the 

antisense RNAs of the pMB1 replicon, as the selectable marker. A fusion was created between 

a portion of the RNAII sequence complementary to RNAI and GFP. The level of GFP 

expression was monitored by fluorescence measurements.  It was shown that plasmid-derived 

RNAI was able to repress GFP expression. Two different lengths of RNAII sequence were 

tested here: a portion encoding two loops of RNAII and a portion entirely complementary to 

RNAI. The shorter RNAII sequence was shown to have tighter control and RNAI from the 

plasmid was able to almost completely prevent GFP expression (Pfaffenzeller et al., 2006). To 
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create a strain that was dependent on a plasmid for growth, the essential gene murA—that 

encodes the enzyme required for the first step of bacterial cell wall biosynthesis—was placed 

under the control of the Tet-repressor. The Tet-repressor gene was fused to the RNAII 

sequence. RNAI expressed from the plasmid binding to the RNAII-Tet-repressor mRNA resulted 

in inhibition of translation of the repressor. Using this strain they were able to obtain 100% 

selection efficiency (Mairhofer et al., 2008). 

1.5.5 Operator-Repressor Titration 

Operator-Repressor Titration (ORT) is an antibiotic-free plasmid maintenance system 

developed at Cobra Biologics (Cranenburgh et al., 2001, Cranenburgh et al., 2004). ORT was 

originally designed in E. coli and has also been adapted to Salmonella (Garmory et al., 2005). 

The essential gene dapD was placed under the control of the lacP2 promoter and lac operator. 

A multicopy plasmid containing the lac operator sequence is able to titrate the lac repressor 

away from the promoter on the host chromosome allowing expression of dapD and cell survival. 

In the absence of the plasmid the lac repressor remains bound to the operator preventing 

expression of the essential gene, so the cell is unable to survive. To allow cell survival prior to 

transformation with the plasmid, the cells can be supplemented with DAP or IPTG. ORT has 

been show to produce comparable levels of a recombinant protein compared to selection with 

antibiotics with no evidence of plasmid loss (Durany and Mas, 2005). The plasmid only requires 

the ori, the lac operator sequence and the gene of interest reducing the size and metabolic 

burden of the vector. Complex growth medium does not contain DAP so can be used. The main 

disadvantages of ORT are the requirement for modification of the host genome and that the lac 

promoter cannot be used for transgene expression. 

The ORT technology was used to develop the first live, attenuated bacterial vaccine strain that 

does not require an antibiotic-resistance selectable marker to maintain the recombinant plasmid 

(Garmory et al., 2005). The strain SLDAPD (Salmonella enterica serovar typhimurium), 

expressing the Yersinia pestis F1 antigen was shown to protect mice from plague after a single 

oral immunisation.  
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1.5.6 Toxin/Antitoxin 

The ‘Separate-Component-Stabilisation Strategy’ uses an E. coli host strain with the ccdB toxin 

gene integrated into the genome (Szpirer and Milinkovitch, 2005). The CcdB toxin acts on E. 

coli cells by blocking DNA gyrase. The complementation plasmid constitutively expresses the 

ccdA antidote gene that inhibits the action of the toxin. If the plasmid is lost from the cell the 

antidote is degraded by the Lon protease, the toxic gene is able to exert its effects and the cell 

dies. 100% plasmid stability was observed over twenty generations compared to 26.5% in 

plasmids with a PSK mechanism—with the ccdB and ccdA genes on the same plasmid—and 

0.42% in the absence of a stabilisation system. A three to five-fold increase in recombinant 

protein production was also observed compared to standard antibiotic selection. The CcdB toxin 

is not toxic to mammalian cells. Also, the ccdB/ccdA operon is found on the F plasmid, which is 

contained within strains used for protein production and has never been reported to be toxic to 

the cells. Incorporation of the cer gene on the plasmid was shown to further improve plasmid 

stability (Peubez et al., 2010). 

1.5.7 Overexpression of essential gene 

Overexpression of the essential gene fabI that encodes enoyl-ACP reductase—an essential 

enzyme for fatty acid elongation—from the plasmid pFAB, renders the host strain less 

susceptible to inhibition by triclosan. Triclosan is a biocide that inhibits enoyl-ACP reductase 

through binding at the substrate-binding site. 100% pFAB selection was achieved in 1 &M 

triclosan (Goh and Good, 2008). Overexpression of fabI in the absence of triclosan is toxic to 

the cell. This is potentially an advantage as decreased plasmid stability in the absence of 

triclosan could limit the spread of pFAB in the environment. Advantages of triclosan are that it is 

stable, easy to handle and inexpensive. There were concerns that gene overexpression could 

represent a metabolic burden on the cell. However, the pFAB vector was shown to be better 

than pUC19 in terms of cell growth, plasmid stability and plasmid yield. This method has the 

advantage of not requiring modifications to the host genome. pFAB could also potentially be 

used in other species of bacteria that have homologues of fabI, like Staphylococcus aureus and 

Mycobacterium smegmatis. However, pFAB is unsuited for use in bacteria with divergent enoyl-

ACP reductases (such as Bacillus species) or species resistant to triclosan (such as 

Pseudomonas aeruginosa). There is a slight concern that triclosan-resistance could emerge but 
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existing research shows that this does not appear to be an issue (Yazdankhah, 2006). In 

addition, triclosan has been approved by the authorities for use in many hygiene products, non-

prescription medicines, household and industrial applications in both the EU and the USA so 

problems regarding safety are not expected and potentially small levels of residual triclosan in 

the final product may be permissible. 

1.5.8 Minicircle and miniknot vectors 

Minicircles were designed as a novel vector for non-viral gene therapy. Minicircles still rely on 

antibiotic-selection for plasmid maintenance during fermentation. However, they contain a 

mechanism for excision of the resistance gene and other bacterial elements like the replicon 

following recombinant plasmid production. This results in a safer product as in addition to 

eliminating the risk of passing on resistance genes to pathogens, the vector is unable to 

disseminate in the environment. The reduced size of a minicircle vector may also enhance gene 

delivery and transgene expression. Vectors contain an integrase gene and the gene of interest 

together with its regulatory components flanked by the attP and attB sites from bacteriophage !. 

Upon induction the vector undergoes site-specific recombination resulting in two smaller circular 

DNA molecules: the minicircle and the original vector lacking the gene of interest. Different 

integrases have been used including the ! integrase under the control of a temperature-

inducible promoter (Darquet et al., 1997) and the ' c31 integrase under the control of the 

arabinose-inducible promoter ParaBAD (Chen et al., 2003, Chen et al., 2005). Minicircle DNA is 

then purified by affinity chromatography (Kay et al., 2010). To aid purification and avoid 

contamination of minicircle DNA with the original vector, the integrase gene and the gene 

encoding the homing endonuclease, I-SceI, were integrated into the host genome. The 18 bp I-

SceI recognition site on the plasmid backbone allows linearisation and degradation of the 

plasmid and ease of production of purified minicircles. This resulted in a ten-fold reduction in 

contaminating vector DNA and up to 70% increased yield. 

The knotting of minicircle DNA—by type II DNA topoisomerases or bacteriophage DNA 

packaging systems—makes the structure more compact which improves transfection efficiency 

(Tolmachov, 2010). The miniknot can be unknotted in the cell via double-strand breaks by type 

II topoisomerase activity.  



 41 

1.6 Use of antibiotic-free plasmids in clinical trials 

To date many clinical trials have been carried out using plasmids that still contain the antibiotic-

resistance gene as the use of kanamycin resistance is still permitted. However, an increasing 

number of clinical trials are using antibiotic-free vectors to increase their safety profile 

(Vandermeulen et al., 2011). For example, a phase I clinical trial of a DNA vaccine against HIV 

using ORT technology showed that the vaccine was safe and induced a specific immune 

response (Mwau, 2004). A phase II gene therapy trial for limb ischaemia using a pCOR plasmid 

again showed the vector to be well tolerated (Nikol et al., 2008). 

1.7 oriSELECT 

oriSELECT is a novel method for antibiotic-free plasmid selection with the absence of any 

selectable-marker that was invented by Rocky Cranenburgh at Cobra Biologics, a contract 

manufacturing company. The patent for this technology was granted in Europe and USA in 

2010 (Cranenburgh, 2006). oriSELECT is designed to allow for selection and maintenance of 

pMB1 plasmids using the replicon of the plasmid as the selectable marker.  

There are three proposed mechanisms for oriSELECT that will be described in detail in section 

1.7.1. An oriSELECT host strain is engineered to die or for the growth to be inhibited unless it 

contains a plasmid with the pMB1 replicon. In principle the oriSELECT strain is designed to 

contain a sequence that will result in the inhibition of cell growth—either directly or indirectly—

downstream of the RNAII sequence from the pMB1 replicon. As described in section 1.1.7.1, 

the antisense RNAs, RNAI and RNAII, control replication of pMB1 plasmids. Therefore, RNAI 

constitutively produced by the plasmid should hybridise to the complementary RNAII transcript 

preventing expression of the lethal cassette and so allowing cell growth.  

oriSELECT is potentially much better than the other methods that have been described for 

plasmid selection as it is based on a modified E. coli host strain and therefore any plasmid with 

the pMB1 replicon can be used in this system without further modifications. This is particularly 

useful as the majority of plasmids used in the biotechnology industry have the pMB1 replicon. 

The minimum sequence a plasmid needs besides the gene of interest is the replicon and the 

selectable marker. Here, the origin is the selectable marker so the size of the vectors is reduced 

and so is the metabolic burden of the plasmid. 
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oriSELECT follows the same principal as the approach by Boehringer-Ingelheim described in 

section 1.5.4. The approach used here primarily differs in the positioning of RNAII in relation to 

the RBS. They positioned the RNAII sequence in between the RBS and the gene to create an 

RNAII-gene fusion. Here, the positioning of the RNAII sequence upstream of the RBS will also 

be tested. In this case, RNAI binding to RNAII is hypothesised to sterically block the ribosome 

from binding to the RBS. Different repressors and essential genes will also be tested in this 

system. 

1.7.1 Mechanisms 

1.7.1.1 Repressor oriSELECT 

In Repressor oriSELECT an essential gene on the E. coli chromosome is placed under the 

control of an inducible promoter, whose repressor is downstream of part of the RNAII sequence 

(Figure 1.5). The cassette can exist in two states depending on the presence of a plasmid with a 

pMB1 replicon. In a Repressor oriSELECT strain containing a plasmid with the pMB1 replicon, 

the RNAI transcript expressed from the plasmid hybridises to the complementary RNAII 

transcript preventing expression of the repressor. The inducible promoter is therefore active, the 

essential gene is expressed and the cell is able to grow. Upon plasmid loss, RNAI is no longer 

produced in the cell and transcription of the repressor will occur. The repressor will bind to and 

inhibit the promoter upstream of the essential gene. The essential gene will not be transcribed 

and consequently the cell will be unable to survive. 
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Figure 1.5 – Diagram demonstrating the mechanism of Repressor oriSELECT. A: In a cell 

containing a plasmid with the pMB1 replicon that produces RNAI: RNAI hybridisation to the 

complementary RNAII transcript blocks transcription of repressor. The lack of repressor allows 

transcription of the essential gene from the inducible promoter and the cell is able to grow. B: In 

the absence of RNAI following plasmid loss the repressor is produced and blocks transcription of 

the essential gene, thereby preventing cell survival. 
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1.7.1.1.1 Essential genes 

There are 620 E. coli genes that have been identified as essential in rich growth medium 

(Gerdes et al., 2003). A list of E. coli genes both essential and non-essential is available online 

in the profiling of E. coli chromosome (PEC) database (Yamazaki et al., 2008). 

A gene that is highly expressed could be useful for oriSELECT as it is likely that it would be 

required in multiple copies. Therefore, if the oriSELECT system is a bit leaky then a low level of 

gene expression is unlikely to permit normal cell growth. Whereas, a gene expressed at low 

levels would require very tight control, as leaky gene expression would likely permit normal cell 

growth. In addition the rate of turnover of the essential gene product is likely to influence the 

sensitivity of the system. 

The essential genes can be divided up into broad categories. These include genes that encode 

products for DNA or RNA synthesis or for host replication. Proteins that encode the ribosomal 

subunits are thought to be the most abundant proteins in the cell (Ishihama et al., 2008). Genes 

encoding products relating to the biosynthesis of macromolecules such as cell wall precursors 

or fatty acids could be useful for oriSELECT. The essential gene fabA encodes the enzyme 3-

hydroxydecanoyl-ACP dehydrase. This enzyme is responsible for the introduction of a double 

bond into a growing fatty acid chain. The enzyme is present at a relatively high concentration in 

the cell. FabA mutants lyse unless they are supplemented with unsaturated fatty acids in the 

growth medium (Silbert and Vagelos, 1967). Genes involved in carbon metabolism or genes 

involved in amino acid biosynthetic pathways are conditionally essential. This means that they 

are essential in the absence of the gene product in the growth medium. Most genes for 

biosynthesis of amino acids are expected to be non-essential as amino acids are present in the 

growth medium. However, 16 of these 91 genes are essential. Six of these are involved in the 

lysine biosynthetic pathway, as even though lysine is present in growth medium its immediate 

precursor DAP, that is also required for cell wall biosynthesis is not. 

1.7.1.1.1.1 dapD 

dapD is an 825 bp gene involved in the biosynthesis of lysine and DAP, which is a component 

of bacterial cell walls. dapD encodes the enzyme succinyl-CoA: tetrahydropicolinate N-

succinyltransferase (EC 2.3.1.117) that catalyses the formation of CoA and N-succinyl-2-amino-
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6-keto-L-pimelate from succinyl-CoA and tetrahydropicolinate, which is the third step of lysine-

diaminopimelate pathway (Simms et al., 1984). There are approximately 630 molecules of the 

dapD gene product per cell (Richaud et al., 1984). 

1.7.1.1.1.2 def 

The 510 bp def gene encodes the enzyme peptide deformylase (E.C. 3.5.1.88). Loss-of-function 

mutations in def are bacteriostatic. Peptide deformylase removes the formyl group from the N-

terminal methionine of newly synthesised polypeptides. The def gene is located in an operon 

together with the fmt gene that encodes methionyl-tRNA (fMet) formyltransferase (Meinnel and 

Blanquet, 1993). There are approximately 1500 molecules of peptide deformylase per cell 

(Meinnel and Blanquet, 1995). Peptide deformylase is highly labile and has a half-life of 

approximately one minute. 

1.7.1.1.2 Repressors 

Repressor genes from bacterial operons are useful for oriSELECT, some of these are described 

below. 

1.7.1.1.2.1 The lac operon 

The lac operon encodes three genes involved in lactose metabolism. LacZ encodes "-

galactosidase that cleaves lactose into glucose and galactose. LacY encodes lactose 

permease, a transmembrane protein used to transport lactose into the cell. LacA encodes 

galactoside o-acetyltransferase that transfers an acetyl group from coenzyme A (CoA) to the 

hydroxyl group of the galactosides. 

In E. coli the lac operon is used as a method to allow adaptation to changes in nutrient 

availability in the environment. In the presence of glucose the operon is repressed to avoid 

wasting cellular resources. In the absence of glucose the operon is activated, this allows the 

utilization of lactose (if present) as a carbon source instead. Expression of the lac operon is 

controlled by both negative regulation by the lac repressor encoded by the lacI gene and 

positive regulation by the catabolite activating protein (CAP) (Lewis, 2005). 

CAP is active when in a complex with cyclic AMP (cAMP). The CAP-cAMP binds to the CAP 

binding site located downstream of the lacI gene. Binding of CAP-cAMP stimulates the 
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interaction of RNA polymerase with the promoter to initiate transcription of lac mRNA. This 

causes the inverse relationship between glucose concentration and transcription. At high 

concentrations of glucose adenylate cyclase is inactive so the cAMP concentration is low, 

therefore, CAP is unable to bind DNA. This results in the RNA polymerase being unable to bind 

the promoter as effectively, so, there is little transcription of the lac operon and glucose is used 

as a carbon source. At low glucose concentrations, adenylate cyclase is active, producing 

cAMP. This ultimately results in stimulation of transcription and allows lactose to be used as a 

carbon source. 

The lac repressor is constitutively transcribed from the lacI promoter. In the absence of lactose, 

transcription from the lac promoter is repressed by binding of the lac repressor to the DNA lac 

operator sequences. The dissociation constant (Kd) of the lac repressor for the operator is quite 

low, this means that it binds with very high affinity. There are three lac operator sequences that 

are able to bind the repressor, O1 located next to the lac promoter and the auxillary operators 

O2 and O3 (Figure 1.6). O2 is located 401 bp downstream of O1 within the lacZ coding 

sequence. The affinity of the repressor for O2 is ten-fold lower than that for O1. O3 is located 92 

bp upstream of O1 and binds the repressor with 300-fold lower affinity than O1. The repressor is 

a homotetramer and is able to bind to O1 and one of the auxillary operators. In order to achieve 

this the DNA must bend forming a DNA loop that blocks transcription by preventing RNA 

polymerase binding.  

In the presence of lactose, a side reaction of !-galactosidase converts lactose into the lactose 

analogue, allolactose. Allolactose binds to the lac repressor causing a conformational change 

that reduces the binding affinity of the repressor for the operator sequences 1000-fold, leading 

to a reduction of gene expression. The non-metabolisable lactose analogue IPTG, though not a 

substrate for !-galactosidase, can also induce transcription of the lac operon.  

There are three main domains in the lac repressor: the N-terminal DNA binding domain; the 

regulatory domain that binds allolactose and the C-terminal tetramerisation domain. The 

regulatory domain is separated from the tetramerisation domain by a linker, which is important 

for the conformational change of the repressor. 

The lac promoter is leaky, which means that transcription takes place even when the repressor 

is present and the inducer absent. Mutations in the promoter can reduce the leakiness of the lac 
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operon. The lacP2 mutant as used in ORT strains contain two point mutations -11 A to G and -

12 T to A, which reduce expression from the lac promoter (Cranenburgh et al., 2001). 
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Figure 1.6 – Schematic diagram of the lac operon 
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1.7.1.1.2.2 The Tet operon 

The Tet repressor controls expression of the tetA gene—that encodes the tetracycline efflux 

pump—by regulating the tetA promoter. In the absence of tetracycline the repressor is bound to 

the operator preventing gene expression. This repression is very efficient as even a low level of 

expression of tetA is disadvantageous to the cells. The TetA promoter can be induced with a 

sub-lethal concentration (250 ng/ml) of tetracycline or anhydrotetracycline. Anhydrotetracycline 

has 100-fold lower antibiotic activity than tetracycline and binds the Tet repressor 35-times more 

tightly (Degenkolb et al., 1991). The quantity needed for full induction is less than 50 ng/ml, 

which is below the lethal concentration and has no effect on cellular growth. Upon induction, 

binding of the inducer results in a conformation change in the repressor, which causes it to 

detach from the operator so gene expression is no longer inhibited. A C to T point mutation at 

the -31 position of the TetA promoter downregulates expression from the promoter (Daniels and 

Bertrand, 1985). Random mutagenesis on the TetA promoter to find a mutant that was less 

leaky identified the t22 mutant in which the -10 box is mutated from TTTAAT to ATTAAA (Paola 

Salerno, Cobra Biologics, personal communication). 
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Figure 1.7 – Annotated sequence of the promoter of the wild-type Tet operon. 
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1.7.1.1.2.3 The arabinose operon 

AraC is the repressor from the E. coli L-arabinose operon (Figure 1.8). In the absence of L-

arabinose, AraC is bound to the araO2 operator and the araI1 site, which causes the DNA to 

form a loop structure. This prevents RNA polymerase from binding to the DNA, so blocking 

transcription (Schleif, 2000). Transcription is induced in the presence of L-arabinose, as binding 

of arabinose to AraC changes the conformation of the repressor, which now preferentially binds 

the araI1 and araI2 sites. RNA polymerase is now able to bind to the promoter. The concentration 

of inducer is proportional to the level of induction. Full induction is achieved in five minutes, this 

results in an approximate 300-fold increase of the gene products. In the absence of inducer the 

promoter is tightly repressed (Guzman et al., 1995). Expression of araBAD is also sensitive to 

catabolite repression.  
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Figure 1.8 – Schematic diagram of the L-arabinose operon. 
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1.7.1.1.2.4 ! cI857 

The temperature-sensitive cI857 repressor from bacteriophage ! controls expression from two 

promoters: PR and PL.  In cells grown at 28-30oC the repressor is active, which prevents gene 

expression (Villaverde et al., 1993). By raising the temperature to 42oC the thermolabile 

repressor is denatured, which allows gene expression. Decreasing the temperature allows 

renaturation of the repressor, thereby inhibiting transcription. The cI857 repressor has been 

shown to have very tight repression. At 28oC the promoter is fully repressed and at 42oC fully 

induced, between 30oC and 42oC the level of induction is exponential. This temperature-

inducible system is advantageous, as the lack of requirement for a chemical inducer saves on 

costs (Jechlinger et al., 2005, Jechlinger et al., 1999). 

1.7.1.2 Double-Antisense oriSELECT 

Double-Antisense oriSELECT is similar to Repressor oriSELECT, but here the inhibitor of the 

essential gene is its antisense cistron. In a cell containing a pMB1-derived plasmid the RNAI 

produced is hypothesised to bind to the RNAII transcript preventing transcription of the 

antisense gene. This will allow expression of the essential gene and the cell will be able to 

survive. Upon plasmid loss, the transcribed antisense messenger is transcribed will hybridise to 

the essential gene mRNA preventing its translation. Therefore, the cell would be unable to 

survive. 



 54 

 

 

 

 

 

 

 

 

Figure 1.9 – Diagram demonstrating the mechanism of Double-Antisense oriSELECT. A: In a 

cell containing a plasmid with the pMB1 replicon that produces RNAI: RNAI hybridisation to 

the complementary RNAII transcript blocks synthesis of the antisense transcript. Essential 

gene synthesis is not blocked so the cell can survive. B: In the absence of RNAI following 

plasmid loss the antisense transcript hybridises to the essential gene mRNA blocking 

translation of the essential gene preventing cell survival.  
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1.7.1.2.1 Antisense RNA 

Synthetic antisense RNAs have been shown to repress expression of a specific gene. The use 

of antisense RNA to block translation of a specific mRNA was first described in 1984 where 

repression of "-galactosidase synthesis using an antisense lacZ resulted in 98% gene 

repression (Pestka, 1984). Testing of different lengths of lacZ antisense fragments found that 

optimal inhibition was obtained when antisense RNA was complementary to the RBS and the 5’ 

end of the coding sequence, as this inhibited translation by preventing the ribosome from 

recognising the RBS (Daugherty et al., 1989). Antisense RNAs can also exhibit their inhibitory 

effects by inducing premature termination of transcription—like in the control of plasmid 

replication (as described in section 1.1.7.5)—or helping accelerate mRNA decay (Thomason 

and Storz, 2010). For construction of Double-Antisense oriSELECT strains it is likely that 

different lengths of antisense sequence would need to be tested to find the optimal inhibition.  

1.7.1.3 Toxin oriSELECT 

Toxin oriSELECT strains are engineered to contain a cassette that expresses a toxic gene 

downstream of part of the RNAII sequence from the pMB1 replicon. Expression of the toxin is 

prevented in the presence of the pMB1/ColE1 plasmid, by the antisense RNAI produced from 

the plasmid ori binding to the complementary RNAII transcript. Upon plasmid loss, the RNAI in 

the cell is rapidly degraded and is no longer being synthesised, the toxic gene is no longer 

repressed and the expressed toxic protein kills the cell. 
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Figure 1.10 – Diagram demonstrating the mechanism of Toxin oriSELECT. A: In a cell 

containing a plasmid with the pMB1 replicon that produces RNAI: RNAI hybridisation to the 

complementary RNAII transcript inhibiting production of the toxin allowing cell survival. B: In the 

absence of RNAI following plasmid loss the toxic gene is expressed killing the cell. 
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1.7.1.3.1 Toxic genes 

There are many different toxic genes that could be used in this system, such as the toxic genes 

from the various PSK mechanisms including ccdB, hok and genes encoding restriction 

endonucleases that were described in 1.1.6.4. A conditionally toxic gene such as sacB would be 

useful for oriSELECT, as an alteration in the growth conditions would allow for strain 

propagation prior to transformation. In the case of other toxic genes, to allow for cell survival 

prior to transformation the toxic gene will need to be cloned downstream of an inducible 

promoter such as those described in 1.7.1.1.2. 

1.7.1.3.1.1 sacB 

The 1.4 kb sacB gene from Bacillus subtilis encodes the enzyme levansucrase (Gay et al., 

1983). Levansucrase, or sucrose: 2,6-"-D-fructan 6-"-D-fructosyltransferase (EC 2.4.1.10), is a 

single polypeptide chain of 444 amino acids. Presence of sucrose in the growth medium 

induces expression of the enzyme, which is then secreted into the culture medium. The two 

principle reactions catalysed by levansucrase are sucrose hydrolysis and synthesis of levans. 

Levans are branched polymers synthesised by the transfer of fructosyl residues from sucrose. 

The sacB gene is toxic to E. coli and other gram-negative bacteria when grown in minimal 

medium containing sucrose. The mechanism of this is not understood though it is thought to be 

due to an accumulation of levans or production of toxic molecules due to the transfer of fructose 

residues to alternative acceptor molecules. Therefore, while constructing the strain and prior to 

transformation with the plasmid, cell death can be prevented by growth in media lacking 

sucrose.  

1.7.2 The oriSELECT cassette 

The cassettes are designed with RNAII fused to the repressor or toxic gene and RNAI as the 

antisense inhibitor. This is because RNAI is present at five-times the concentration of RNAII in 

the cell and it is anticipated that this excess will result in RNAI being the more effective inhibitor. 

The RNAII promoter has been modified to contain the -35 sequence from the Ptrc promoter, 

which is stronger than the P2 promoter.  

It is proposed that the oriSELECT cassette could function in two ways. Placing the RNAII 

sequence between the RBS and the gene encoding the repressor would produce an RNAII-
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fusion protein. RNAI hybridisation is hypothesised to prevent translation of the gene by 

preventing the ribosome from moving along the mRNA. Alternatively, placing the RBS between 

the RNAII sequence and the gene is hypothesised to sterically inhibit ribosome binding upon 

RNAI hybridisation. 

The RNAII sequence used in the oriSELECT cassette does not need to be the full-length 

molecule. RNAI is only 108 nucleotides in length. So, an RNAII sequence of just the 5’ end that 

corresponds to the three stem-loop structures could be used. Alternatively, a shorter RNAII 

sequence corresponding to two RNAII loops could also be tested.  

1.7.3 Methods for construction of oriSELECT strains 

1.7.3.1 Cloning 

In addition to conventional cloning methods the use of several newer protocols for ligation-

independent cloning will be described in an attempt to facilitate the cloning process. These 

methods include: Gibson Assembly; Restriction-Free (RF) cloning; Fusion PCR and Circular 

Polymerase Extension Cloning (CPEC). These methods will be described below. 

1.7.3.1.1 Gibson Assemby 

Gibson Assembly also known as isothermal DNA assembly is a method “for cloning multiple 

inserts into a vector without relying on the availability of restriction sites and for rapidly 

constructing large DNA molecules” (Gibson et al., 2009). PCR products that have 40 bp of 

overlapping homology are joined together in a single incubation step at 50oC for 15 minutes to 1 

hour. The reaction uses an enzyme mix containing three enzymes: T5 exonuclease; Phusion 

DNA polymerase and Taq DNA ligase. T5 exonuclease is a 5’ to 3’ exonuclease that chews 

back the ends exposing a single-stranded overhang. The complementary overhangs anneal. 

Phusion DNA polymerase fills the gaps and Taq ligase repairs the nicks (Figure 1.11). 
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Figure 1.11 – Diagram demonstrating the mechanism of joining two DNA fragments (in blue and 

orange) by Gibson Assembly. The DNA fragments to be joined are amplified by PCR using 

chimeric primers that contain 20 bp overlapping sequences (A) resulting in PCR products with 

homologous ends (B). During the incubation at 50oC with the enzyme mix the T5 exonuclease 

digests the ends of the DNA from 5’ to 3’ exposing single-stranded overhangs that are 

complementary (C). These then are able to join together through complementary base pairing 

(D) and the DNA is repaired though the action of the ligase and polymerase (E). 
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1.7.3.1.2 Fusion PCR 

Fusion PCR or Long Multiple Fusion is a method developed for the assembly of large linear 

constructs (Shevchuk et al., 2004). The method is based on the PCR amplification of the 

fragments to be joined using chimeric primers that contain overlapping ends of 25 nucleotides 

or more. The purified PCR products are mixed in equimolar amounts and overlap-extension 

PCR is used to fuse the fragments together. Nested primers are then used to amplify the final 

construct (Figure 1.12). 

1.7.3.1.3 Restriction Free (RF) cloning 

RF cloning—also known as overlap extension cloning—works by amplifying the insert with 

chimeric primers containing 20-25 bases homology to the vector at the site for insertion (van 

den Ent and Löwe, 2006). The PCR product is then used as the primer for amplification of the 

vector (Figure 1.13). 

1.7.3.1.4 Circular Polymerase Extension Cloning (CPEC) 

CPEC is a similar method to RF cloning, but uses a linearised vector in place of the circular 

plasmid template (Quan and Tian, 2009). 
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Figure 1.13 – Diagram representing the mechanism of RF cloning. 

Figure 1.12 – Diagram showing the mechanism of Fusion PCR. The three DNA fragments to be 

joined (in green, red and blue) are amplified by PCR using chimeric primers to produce DNA 

fragments with regions of 40 bp overlapping sequence. Step A: twelve cycles of PCR with a low 

annealing temperature in the absence of primers allows the complementary pairing of these 

fragments. Step B: PCR amplification of the construct using nested primers results in the final 

construct. 
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1.7.3.2 !-Red recombination for chromosomal integration 

The oriSELECT cassettes will be constructed in plasmids and then integrated into the desired 

chromosomal locus by !-Red recombination (or recombineering) to create the oriSELECT 

strain. The !-Red system allows for the recombination of short, linear DNA substrates with the 

bacterial chromosome using arms of homology as short as 50 base pairs (Murphy, 1998). This 

requires a helper plasmid that expresses the three genes of the Red operon of !, which are 

involved in the recombination stages of the bacteriophage life cycle. The !-Red helper plasmid 

encodes the genes exo, bet and gam (Figure 1.14). Gam encodes a protein that binds to and 

inhibits the activity of the host RecBCD exonuclease to prevent the degradation of the linear 

DNA substrate. Exo is a 5’ to 3’ exonuclease that degrades the ends of the linear DNA 

producing single-stranded DNA overhangs.  Bet binds the single-stranded overhangs promoting 

denaturation of complementary strands, strand annealing, strand exchange and renaturation of 

DNA; resulting in gene replacement.  

Recombineering requires regions of homology to the E. coli chromosome insertion site on either 

side of the cassette.  The cassette can either be integrated upstream of the essential gene that 

has been selected for the system or in the case of Toxin oriSELECT the cassette can be 

integrated at any suitable locus in the chromosome. According to the literature !-Red 

recombination requires around 50 bp of flanking homology. However, longer lengths of 

homology improve the recombination efficiency particularly if the cassette to be inserted is quite 

long (Shen and Huang, 1986). However, the larger the linear DNA cassette is the more difficult 

it is to transform into cells.  
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Figure 1.14 – Diagram showing the mechanism of !-Red recombination. 
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1.7.3.3 Selection for integration 

Due to the inefficiency of bacterial transformation and chromosomal integration a mechanism 

for the selection of integrants that have incorporated the cassette into the genome is required. 

Selection was performed using the chloramphenicol-resistance gene. Following the 

identification of integrants the cat gene was removed from the chromosome by Xer-cise (Bloor 

and Cranenburgh, 2006). Xer-cise requires the resistance gene to be flanked by dif sites taken 

from the chromosomal dimer resolution site (that was described in section 1.1.6.2.1). 

Recombination across the 28 bp repeated dif sites flanking the chloramphenicol-resistance 

gene, mediated by the E. coli host’s Xer-recombinases—XerC and XerD—results in excision of 

the resistance gene (Figure 1.15). This process occurs spontaneously in the cell but any cells 

that have lost the resistance gene will be unable to survive in selective growth media. By 

removing the selection pressure, cells that have lost the antibiotic-resistance gene are able to 

grow. These cells grow faster due to a decreased metabolic burden and become dominant in 

the culture. 
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Figure 1.15 – Diagram of the oriSELECT cassette prior to and following Xer-cise. The 

chloramphenicol-resistance gene is excised by recombination across the dif sites, leaving a 

single dif site scar sequence. This recombination event is mediated by the host Xer-

recombinases XerC and XerD. 
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1.8 Aims 

1.8.1 Testing of different oriSELECT cassettes 

Four plasmids have been constructed at Cobra Biologics. They all contain the RNAII sequence 

placed in front of the lac operon. The four cassettes vary in the position of the RBS and they 

have differing lengths of RNAII sequence (Figure 1.16). These four cassettes will be inserted 

into the chromosome of E. coli DH1 cells. The four oriSELECT E. coli strains will then be tested 

using a "-galactosidase assay to obtain quantitative data on which cassette is most effective at 

repressing the lacI gene and whether a plasmid producing RNAI is able to relieve this 

repression. From this data the optimum cassette can be used when designing the oriSELECT 

system. 
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Figure 1.16 – Diagram of the four oriSELECT cassettes designed and constructed at Cobra 

Biologics. 
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1.8.2 Construction of oriSELECT strains 

The three oriSELECT systems outlined in 1.7.1 will be constructed and tested to obtain data on 

the effects of different essential genes, different toxin genes and different promoters on the 

system. Other factors that could be examined include: the effect of the distance between the 

repressor and essential gene; the effect of the Rop protein and the effect of different copy 

number plasmids expressing RNAI. 

1.8.3 Strains for recombinant protein or DNA production 

Based on the data obtained, strains can be constructed that can then be tested on a larger 

scale in fermenters for recombinant protein production or recombinant DNA production for 

whole cell vaccines, without using antibiotic-resistance genes as a selectable marker. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 Materials and Methods



2.1 Bacterial cultures 

2.1.1 Bacterial strains 

Bacterial strain Genotype Source or Reference 

Bacillus subtilis subsp. 

subtilis 168 

trpC2 (Kunst et al., 1997) 

Escherichia coli DH1 F- gyrA96 (Nalr) recA1 relA1 endA1 

thi-1 hsdR17 (rk
-mk

+) glnV44 

(Hanahan, 1983) 

Escherichia coli JM108  F- e14- (McrA-) !(lac-pro) endA1 

gyrA96 (Nalr) thi-1 hsdR17 (rk
-mk

+) 

glnV44 relA1 recA1 

(Yanisch-Perron et al., 1985) 

Escherichia coli NEB 5-

alpha 
fhuA2 !(argF-lacZ)U169 phoA 

glnV44 $80! (lacZ)M15 gyrA96 

recA1 relA1 endA1 thi-1 hsdR17 

New England Biolabs 

Escherichia coli TOP10 F- mcrA !(mrr-hsdRMS-mcrBC) $ 

80lacZ !M15 !lacX74 recA1 

araD139 !(ara-leu)7697 galU galK 

rpsL (StrR) endA1 nupG 

(Grant et al., 1990) 

Escherichia coli TOP10 F’  F’ [lacIq, Tn10(TetR)] mcrA !(mrr-

hsdRMS-mcrBC) $80lacZ !M15 

!lacX74 recA1 araD139 !(ara-

leu)7697 galU galK rpsL (StrR) 

endA1 nupG 

Invitrogen 

One-shot® ccdB survival 2 

T1R chemically 

competent cells 

F- mcrA !(mrr-hsdRMS-mcrBC) 

$80 lacZ!M15 !lacX74 recA1 

ara!139 !(ara-leu)7697 galU galK 

rpsL (StrR) endA1 nupG fhuA:IS2 

Invitrogen 

DH1!pepA F- gyrA96 (Nalr) recA1 relA1 endA1 

thi-1 hsdR17 (rk
-mk

+) glnV44 !pepA 

Cobra Biologics 

XL-10 Gold KanR 

Ultracompetent cells 

endA1 glnV44 recA1 thi-1 gyrA96 

relA1 lac Hte !(mcrA)183 

!(mcrCB-hsdSMR-mrr)173 tetR 

F’[proAB lacIqZ!M15 Tn10(TetR 

Amy Tn5(KanR)] 

Stratagene 

Table 2.1 – Genotypes of the bacterial strains used in this study. 
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2.1.2 Plasmids 

 

Plasmid Size 
(bp) 

ori Antibiotic-
resistance 

Reference / Source 

pBR322 4,361 pMB1 Tetracycline & 
Ampicillin 

(Bolivar et al., 1977) 

pUC19 2,686 pUC Ampicillin (Viera & Messing, 1982) 

pCR-BluntII-TOPO 3,519 pUC Kanamycin & 
Zeocin 

Invitrogen 

pSC101 9,263 pSC101 Tetracycline (Cohen & Chang, 1977) 

pQR499 1,873 pUC Ampicillin (Stuchinskaya et al., 2009) 

pRED 6,341 p15A Tetracycline Cobra Biologics (unpublished) 

pLGBE 6,112 p15A Tetracycline Cobra Biologics (unpublished) 

pLGBEK 5,767 p15A Kanamycin Cobra Biologics (unpublished) 

 

2.1.3 Growth and maintenance of bacterial strains 

All strains were stored as 20% glycerol stocks in the freezer at -80oC. 50% w/v glycerol was 

made up with equal volumes of glycerol and dH2O and sterilised by autoclaving. Overnight 

cultures were grown in 5 ml of broth in 25 ml universal tubes (SLS), at 37°C in a rotary shaker 

(approx. 200 r.p.m.). 3.3 ml of 50% glycerol was added to the overnight culture to make 20% 

glycerol stocks. These were aliquoted out into 1.5 ml microfuge tubes and stored in the freezer 

at -80°C. A sterile loop was used to inoculate an agar plate from a glycerol stock. 

2.1.3.1 Bacterial growth media 

Nutrient Broth No. 2 (NB2) (Oxoid CM0067) was added at 25 g/L. 

M9 minimal medium: 5x M9 salt solution (32 g Na2HPO4, 7.5 g KH2PO4, 1.25 g NaCl, 2.5 g 

NH4Cl, 0.7 g MgSO4 made up to 500 ml with dH2O); 20% glucose (AnalaR) or lactose (AnalaR); 

2 µg/ml thiamine (Sigma); 0.1 mM CaCl2 (Sigma). 

Table 2.2 – Plasmids used in this study. 
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SOC (Invitrogen): 2% tryptone; 0.5% yeast extract; 10 mM NaCl; 2.5 mM KCl; 10 mM MgCl2; 10 

mM MgSO4; 20 mM glucose. 

All media were sterilised by autoclaving at 121°C, 15 p.s.i. for 20 minutes. 

For preparation of agar plates Difco agar (SLS) was added to the media at 2% w/v prior to 

autoclaving. 

2.1.3.2 Bacterial growth 

Bacteria were grown using standard conditions in NB2 or nutrient agar at 37oC unless otherwise 

stated. Liquid cultures were grown at 200 r.p.m. in a rotary shaker. Plasmid-containing strains 

were grown in NB2 or on agar supplemented with the appropriate antibiotic as dictated by the 

antibiotic-resistance gene encoded by the plasmid. 

2.1.3.3 Antibiotic stocks 

Ampicillin (Sigma) stocks were made as 100 mg/ml in dH2O, filter-sterilised using a 0.22 µM 

filter (Millipore) and stored at -20°C. Ampicillin was added to media at a final concentration of 

100 µg/ml.  

Tetracycline (Sigma) stocks were made up as 10 mg/ml in ethanol and stored at -20°C. 

Tetracycline was added to the media at a final concentration of 10 µg/ml. 

Chloramphenicol (Sigma) stocks were made as 30 mg/ml stocks in ethanol and stored at -20°C. 

Chloramphenicol was added to the media at a final concentration of 10-30 µg/ml. 

Kanamycin (Sigma) 50 mg/ml stocks were made up in dH2O, filter-sterilised using a 0.22 µM 

filter (Millipore) and stored at -20°C. Kanamycin was added to media at a final concentration of 

50 µg/ml.  

2.2 Solutions 

2.2.1 L-arabinose 

20% w/v stock solution was made in dH2O and filter-sterilised using a 0.22 µM filter. 
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2.2.2 IPTG 

A 1 M stock solution of IPTG was made by dissolving 2.83 g IPTG in 10 ml dH2O and filter-

sterilising using a 0.22 µM filter. 

2.2.3 X-gal 

X-gal stocks were made up as 40 mg/ml in DMSO. Stock solutions were stored at -20oC 

wrapped in foil. 

2.3 Molecular biology techniques 

2.3.1 Preparation of competent cells and transformations 

2.3.1.1 Preparation of chemically competent cells 

An overnight culture of E. coli was grown in 5 ml of NB2 containing 100 µL 1 M MgSO4 in a 25 

ml universal tube. The following morning 1 ml of the overnight culture was used to inoculate 100 

ml NB2 in a 500 ml conical flask. The culture was incubated at 37oC for approximately 2 hours 

at 200 r.p.m., until the cells reached early log phase with an A600 of approximately 0.3. The 

culture was transferred to two chilled sterile 50 ml falcon tubes and incubated on ice for 10 

minutes. The culture was centrifuged for 5 minutes at 3,300 x g in a bench-top centrifuge 

(Eppendorf 5804 R) at 4oC. The supernatant was discarded and the pellet resuspended in 10 ml 

ice cold 0.1 M CaCl2 / 15% glycerol. The cells were incubated on ice for 30 minutes before 

centrifuging again as before. Following this the cell pellet was resuspended in 1 ml ice cold 0.1 

M CaCl2 / 15% glycerol. 50 µL aliquots were distributed into pre-chilled pre-labelled eppendorf 

tubes. The aliquots were then stored in the freezer at -80°C until required. 

2.3.1.2 Transformation 

1-5 µL of DNA was added to a 50 µL aliquot of competent cells that had been thawed on ice 

and mixed gently. This was incubated on ice for 30 minutes. The cells were subjected to heat-

shock treatment for 45 seconds in a 42oC waterbath before being returned to the ice. 250 µL of 

NB2 was pipetted into the tube and the cells were left to recover for 1-2 hours at 37oC with 

shaking. Following this recovery step an appropriate amount of the cells was spread on nutrient 

agar plates, supplemented with the appropriate antibiotic.  
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2.3.1.3 Preparation of electrocompetent cells 

2 L flasks containing dH2O were sterilised by autoclaving. Following autoclaving the water was 

discarded. This was done to remove any traces of detergents and chemicals, which can reduce 

the transformation efficiency of the cells. 1 ml of an overnight culture was inoculated into 500 ml 

NB2 in a 2 L sterile flask. The cells were grown at 37°C with vigorous shaking for several hours. 

The optical density at 600 nm (OD600) was measured at regular intervals using a handheld 

spectrophotometer (Biowave). The cells were grown until they were in log phase growth with an 

OD600 between 0.5 and 1. The cells were then chilled on ice for 30 minutes. From this point on 

the cells were kept at 4°C throughout the protocol. The cells were divided into pre-chilled sterile 

Sorvall bottles and centrifuged at 8,000 r.p.m. for 10 mins at 4°C in a Sorvall Ultracentrifuge 

RC6 using the SA-600 rotor. The supernatant was discarded and the cells washed by 

resuspending in 500 ml sterile dH2O. This was repeated twice. The cells were then 

resuspended in 20 ml ice cold, sterile 10% w/v glycerol and centrifuged in small tubes using the 

SS-34 rotor at 8,000 r.p.m. for 15 mins. Each pellet was then resuspended in 2.5 ml of 10% 

glycerol. The cells were then dispensed in 50 &L aliquots into pre-chilled tubes and stored at -

80°C until required. 

2.3.1.4 Electroporation 

1 µL of DNA was added to 50 µL of electrocompetent cells that had been thawed on ice and 

mixed. This suspension was transferred to a 0.1 cm electroporation cuvette. The DNA was 

electroporated using a Biorad MicroPulser. 950 µL of NB2 pre-warmed to 37°C was added to 

the cells and this suspension was transferred into a 15 ml falcon tube and left to recover for a 

minimum of 1 hour at 37°C, 200 r.p.m.. Cells were then plated on agar plates with the 

appropriate selection and left to grow at 37°C overnight.  

2.3.2 DNA extraction 

2.3.2.1 Large scale plasmid DNA extraction (Qiagen HiSpeed Plasmid Maxi Kit) 

A colony was picked from a plate and used to inoculate a starter culture of 5 ml NB2 containing 

the appropriate antibiotic. This culture was incubated for approximately 8 hours at 37°C. Then, 

300 µL of this starter culture was transferred to 150 ml selective medium and grown overnight at 
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37°C. The following day the cultures were spun at 6,000 x g for 15 minutes at 4°C. The bacterial 

pellet was resuspended in 10 ml Buffer P1. This was followed by the addition of 10 ml Buffer P2 

and mixed by inversion. This was then left to incubate at room temperature for 5 minutes. Then, 

10 ml of Buffer P3 was added, mixed by inversion and poured into the barrel of the QIAfilter 

Maxi Cartridge. This was incubated at room temperature for 10 minutes. Meanwhile, the 

HiSpeed Maxi Tip was equilibrated with 10 ml Buffer QBT the buffer was left to flow through and 

the column to empty. The cell lysate was transferred to the HiSpeed Tip, when the lysate had 

passed through the column it was washed with 60 ml of Buffer QC. The DNA was eluted with 15 

ml of Buffer QF. To precipitate DNA 10.5 ml of isopropanol was mixed with the DNA and 

incubated at room temperature for 5 minutes. This was transferred into a 30 ml syringe with a 

QIAprecipitator Maxi Module attached and the DNA passed through the membrane. The DNA 

bound to the membrane was washed with 2 ml 70% ethanol. The membrane was dried by 

passing air through twice. To elute the DNA, 500 µL of dH2O was filtered through the membrane 

and collected in an Eppendorf tube. The eluate was transferred back into the syringe and eluted 

a second time into the same collection tube. 

2.3.2.2 Small scale plasmid DNA extraction (QIAprep Spin Miniprep Kit) 

A bacterial colony was inoculated into 5 ml NB2 in a 25 ml universal tube and left to grow 

overnight at 37°C. The next day the overnight culture was divided up into 1.5 ml microfuge 

tubes and spun down for 1 minute at 13,000 r.p.m. in an AccuSpin Micro (Fischer Scientific), the 

pellet was resuspended in 250 µL of the resuspension buffer P1 (50 mM Tris-HCl (pH 8.0); 10 

mM Na2EDTA; 100 µg/ml RNase A). 250 µL of the lysis buffer P2 (200 mM NaOH; 1% w/v 

SDS) was added and mixed by inversion. Following this 350 µL of the neutralisation buffer N3 

(3.0 M potassium acetate (pH 5.5)) was added and mixed by inversion. Samples were 

centrifuged at 14,000 r.p.m. for 10 minutes in a microcentrifuge. The supernatant was 

transferred to a QIAprep spin column. The column was spun for 1 minute. The flow-through was 

discarded and the column washed with 750 µL Buffer PE (containing ethanol). The column was 

spun for 1 minute the flow-through discarded and the column spun again for another minute to 

remove additional traces of ethanol. Finally, 30-50 µL of dH2O was added to the column, left to 

stand for 1 minute and then spun for 1 minute to elute the DNA. 



 76 

2.3.2.3 Bacterial DNA extraction (Qiagen QIAamp DNA Mini Kit) 

Both chromosomal and plasmid DNA was extracted from cells using the Qiagen QIAamp DNA 

mini kit following the protocol for bacterial DNA extraction. Overnight cultures were grown in 5 

ml NB2 supplemented with the appropriate antibiotic. The following day 1 ml of the overnight 

culture was centrifuged for 5 minutes at 7,500 r.p.m. 160 µL Buffer ATL and 20 µL of proteinase 

K were added, mixed by vortexing and incubated at 56oC for 3 hours with occasional vortexing. 

The tubes were spun briefly to remove condensation from the sides of the tube and 4 µL 100 

mg/ml RNaseA was added and mixed by pulse vortexing for 15 seconds. The tube was 

incubated at room temperature for 2 minutes before adding 200 µL of Buffer AL. The solution 

was mixed by pulse-vortexing for 15 seconds followed by a 10 minute incubation at 70oC. 200 

µL of ethanol was added and mixed by pulse-vortexing for 15 seconds. The solution was added 

to the QIAamp spin column. The column was centrifuged at 8,000 r.p.m. for 1 minute. The 

collection tube was discarded and replaced with a fresh collection tube. 500 µL of Buffer AW1 

was added to the spin column and centrifuged at 8,000 r.p.m. for 1 minute. The collection tube 

was discarded and replaced with a fresh collection tube. 500 µL Buffer AW2 was added to the 

column and the spin column assembly was centrifuged at 14,000 r.p.m. for 3 minutes. The 

filtrate was discarded and the spin column assembly was centrifuged again for an additional 

minute at 14,000 r.p.m.. The collection tube was discarded and the column placed in a 1.5 ml 

microcentrifuge tube. 200 µL Buffer AE was added to the column and left at room temperature 

for 5 minutes.  This was centrifuged at 8,000 r.p.m. for 1 minute. This last step from the addition 

of 200 µL Buffer AE was repeated. 

2.3.3 The Polymerase Chain Reaction (PCR) 

PCR reactions were performed using Phusion DNA polymerase (Finnzymes) unless otherwise 

stated. Reactions were prepared on ice in 0.5 ml thin-walled PCR tubes. Primers were ordered 

from Eurofins MWG Operon. Melting temperature was calculated using the Phusion Tm 

calculator on the Finnzymes website (http://www.finnzymes.fi/tm_determination.html). For the 

nucleotide sequences of all the primers used see Appendix A. The total reaction volume was 50 

µL comprising of: 32.5 µL dH2O; 5 µL 5x HF Buffer; 1 µL 10 mM dNTPs; 2.5 µL 5’ primer (10 

µM); 2.5 µL 3’ primer (10 µM); 0.5 µL Phusion DNA Polymerase and 1 µL template DNA. 
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Reactions were carried out in a ThermoHybaid PCR Sprint Thermal Cycler. Cycling conditions 

were as described in Table 2.3. 

Initial Denaturation 98°C 3 min  

Denaturation 98°C 10 sec  

x 30 Annealing 3°C above lowest primer Tm  30 sec 

Extension 72°C 15 sec per kb 

Final Extension 72°C 10 min  

 4°C Hold  

 

PCR with MyTaq Red Mix (Bioline) was performed in a 25 µL reaction. The reaction mix 

contained 12.5 µL MyTaq Red Mix (2x); 1.0 µL 5’ primer (10 µM); 1.0 µL 3’ primer (10 µM); 1.0 

µL template DNA and 9.5 µL dH2O. Cycling conditions were as described in Table 2.4. 

Initial Denaturation 95°C 1 min  

Denaturation 95°C 15 sec  

x 30 Annealing 5oC below lowest primer Tm 15 sec 

Extension 72°C 10 sec 

Final Extension 72°C 10 min  

 4°C Hold  

Colony PCR was performed by picking a single colony from an agar plate with a sterile pipette 

tip and resuspending it in 100 &L of sterile dH2O. 1 &L of this resuspension was used as the 

PCR template. 

2.3.4 PCR purification (QIAquick PCR Purification Kit) 

250 µL of Buffer PB (containing isopropanol and guanidine hydrochloride) was added to the 50 

µL PCR reaction and mixed by inversion prior to adding to the spin column. The spin column 

assembly was centrifuged at 14,000 r.p.m. for 1 minute to bind the DNA. The waste was 

discarded and the column washed by the addition of 750 µL Buffer PE, the column was 

centrifuged for 1 minute at 14,000 r.p.m. and the waste was discarded. The column was 

Table 2.3 – Cycling conditions used for PCR reactions with Phusion DNA polymerase. 

Table 2.4 – Cycling conditions used for PCR reactions with MyTaq DNA polymerase. 
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centrifuged again as before to remove any residual ethanol and the DNA was eluted into a 

clean 1.5 ml microcentrifuge tube with 30-50 µL dH2O. 

2.3.5 Agarose gels for separation of DNA 

1x Tris-Borate-EDTA (TBE) stocks were made by dissolving a pack of powder (Calbiochem) into 

10 L of dH2O.  

1% w/v agarose (Sigma) was added to 1x TBE buffer. This was heated in a microwave for 1-2 

minutes until the agarose had fully dissolved. 10 mg/ml ethidium bromide (Sigma) was added to 

a final concentration of 0.5 µg/ml. The agarose was poured into the gel cassette (Biorad), the 

comb inserted and left to set at room temperature.  

DNA ladders: 100 bp DNA ladder (New England Biolabs); 1 kb DNA ladder (New England 

Biolabs); HyperLadder I (Bioline) and Kb DNA ladder (Stratagene).  

Gel Loading Dye (2.5% Ficoll-400, 11 mM EDTA, 3.3 mM Tris-HCl (pH 8.0), 0.017% SDS and 

0.015% bromophenol blue) (Bioline) from a 6x stock was added to the samples prior to loading 

the gel. Gels were run at approximately 100 volts for 1 hour in 1x TBE buffer. The bands on the 

gel were visualised using the GeneGenius BioImaging System and the image was captured 

using GeneSnap software from Syngene. 

2.3.6 Gel extraction (QIAquick Gel Extraction Kit) 

The gel was visualised in the dark room with a UV transilluminator and the band from the gel 

was cut out using a scalpel and place in a 1.5 ml microfuge tube. Solubilisation Buffer QG was 

added at three times the volume of the gel and the tube incubated at 50°C, vortexing every few 

minutes, until the gel dissolved. One gel volume of isopropanol was added and mixed with the 

sample. The sample was then transferred to a QIAquick spin column and spun for 1 min at 

14,000 r.p.m. to bind the DNA to the column. The flow-through was discarded and 750 µL of 

Buffer PE was added to the column. This was again centrifuged and the flow-through discarded. 

The column was spun again to remove any residual ethanol. The collection tube was discarded 

and replaced by a clean 1.5 ml microcentrifuge tube. The DNA was eluted in 30-50 µL of dH2O 

was added to the column left to stand for 1 minute and then centrifuged for 1 minute. 
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2.3.7 Blunt-end TOPO cloning of PCR products 

PCR with Phusion DNA polymerase produces DNA fragments with blunt ends that can be 

ligated into the TOPO cloning vector using the Zero Blunt TOPO PCR Cloning Kit (Invitrogen). 1 

&L of PCR product and 1 &L of the pTOPO vector: pCR-BluntII-TOPO were mixed with 1 &L of 

salt solution and made up to a final volume of 6 &L with dH2O. This reaction mix was incubated 

at room temperature for 30 minutes and 2 &L of this reaction was used to transform 50 &L E. 

coli TOP10 competent cells (Invitrogen).  

2.3.8 Restriction digests 

Restriction digests were carried out in 10% NEBuffer as recommended by the New England 

Biolabs catalogue. The 10x restriction buffers from New England Biolabs were used. Buffer 

compositions (1x) are listed below: 

NEBuffer 1: 10 mM BisTris Propane-HCl, 10 mM MgCl2, 1 mM dithiothreitol (pH 7.0 @ 25°C). 

NEBuffer 2: 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM dithiothreitol (pH 7.9 @ 25°C). 

NEBuffer 3: 100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2, 1 mM dithiothreitol (pH 7.9 @ 25°C). 

NEBuffer 4: 50 mM potassium acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 1 mM 

dithiothreitol (pH 7.9 @ 25°C). 

EcoRI buffer: 50 mM NaCl, 100 mM Tris-HCl, 10 mM MgCl2, 0.025% Triton X-100 (pH 7.5 at 

25oC). 

Enzymes were added to a maximum of 5% of the reaction volume. If BSA was required for the 

reaction it was added from a stock solution of 10 mg/ml to a final concentration of 100 µg/ml. 

Reactions were incubated for 2 hours at 37°C unless otherwise stated. 

2.3.9 DpnI digestion 

DpnI digestion was performed directly on the PCR product in the PCR reaction buffer. 1-2 µL of 

the enzyme was added to the PCR reaction tube and incubated in a waterbath at 37°C for 2 

hours. 
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2.3.10 Dephosphorylation 

Dephosphorylation was carried out using Antarctic Phosphatase (New England Biolabs). The 

reaction mix contained 1 µL of the enzyme; 2 µL 10 x Antarctic Phosphatase Buffer; 17 µL DNA. 

The reaction was incubated in a waterbath at 37oC for 1 hour. Following incubation the reaction 

was heat-inactivated at 65oC for 5 minutes.  

2.3.11 Ligation 

DNA fragments with complementary overhangs were ligated together using T4 DNA ligase 

(New England Biolabs). Reactions were set up in a final volume of 10 µL: 1 µL of 10x T4 ligase 

buffer (50 mM Tris-HCl (pH 7.5); 10 mM MgCl2; 10 mM dithiothreitol; 1 mM ATP; 25 µg/ml BSA); 

0.5 µL T4 DNA ligase and appropriate amounts of vector and insert. Reactions were incubated 

overnight at 4oC or 16oC. Heat inactivation was performed at 65oC for 10 minutes. 

Quick T4 DNA ligase (New England Biolabs) was also used. Reactions were set up in a final 

volume of 10 µL: 5 µL of 2x quick ligation reaction buffer (132 mM Tris-HCl; 20 mM MgCl2; 2 

mM dithiothreitol; 2 mM ATP; 15% polyethylene glycol PEG 6000); 0.5 µL quick T4 DNA ligase 

and appropriate amounts of vector and insert. Reactions were incubated at room temperature 

for 30 minutes and transformed directly into cells. 

2.3.12 !-Red recombination 

The !-Red helper plasmid was transformed into competent E. coli cells. Resulting bacteria 

containing the plasmid were then made competent with the additional step of induction of the 

Red operon with 0.2% L-arabinose for an hour prior to harvesting the culture. The linear DNA 

cassette with flanking regions of homology transformed into competent E. coli cells containing 

the !-Red helper plasmid pRED or pLGBE. The cells were left to recover in NB2 without 

selection at 37oC, 200 r.p.m. for four hours to overnight. Integrants were selected for on nutrient 

agar with 10 &g/ml chloramphenicol. Colonies were visible after approximately 36 hours. The 

helper plasmid was cured from the cells by growth in the absence of tetracycline. 

2.3.13 Xer-cise 

To remove the chloramphenicol-resistance gene the bacteria were sub-cultured in NB2 without 

antibiotic selection for 48 hours. Bacteria were then replica plated on nutrient agar with and 
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without chloramphenicol. Chloramphenicol-sensitive colonies were picked and screened by 

PCR and DNA sequencing to verify that they contained the integrated cassette and had lost the 

chloramphenicol-resistance gene. 

2.3.14 DNA sequencing 

DNA for sequencing was sent to the Wolfson Institute for Biomedical Research. 10 µL of DNA 

was sent per reaction, at a concentration of 1 ng/µL per 100 bp. 6 µL of primer was supplied per 

reaction at 5 pmol/µL. DNA concentration was determined using the Nanodrop. Results were 

received as text files and as .ab1 files. These were viewed and analysed using BioEdit. 

2.4 Methods for ligation-independent cloning 

2.4.1 Fusion PCR - method 1 

Purified linear PCR products with regions of overlapping homology were mixed in a ratio of 100 

ng of each of the fragments that make up the outer parts and 20 ng of the internal part. The 

DNA fragments were mixed with 10 &L 5x HF Buffer; 1 &L dNTPs and 0.5 &L Phusion DNA 

polymerase; the reaction mix was made up to a final volume of 50 &L with dH2O. The first step 

consisted of twelve cycles of PCR with a low annealing temperature, in the absence of primers 

in the PCR reaction mix. The second step took 2 &L from the first reaction tube and used nested 

primers to amplify the product using standard PCR conditions.  

2.4.2 Fusion PCR - method 2 

Equimolar amounts of linear PCR products were mixed. A touchdown PCR protocol was used. 

11 cycles with decreasing annealing temperature from 68oC to 48oC was followed by 30 cycles 

of standard PCR (either with or without nested primers).  

2.4.3 Gibson Assembly 

T5 exonuclease (New England Biolabs) was diluted from 10 U/&L to 0.2 U/&L in the dilution 

buffer (50% glycerol; 50 mM Tris-HCl pH 7.5; 0.1 mM EDTA; 1 mM DTT; 0.1 M NaCl; 0.1% 

Triton x100). 5 &L of the DNA fragments in equimolar amounts were mixed with 15 &L of the 5x 

assembly reaction mix (20 &L, 5x isothermal reaction buffer (25% PEG-8000; 500 mM Tris-HCl 

pH 7.5; 50 mM MgCl2; 50 mM DTT; 5 mM NAD); 2 &L, 0.2 U/&L T5 exonuclease; 10 &L, 40 U/&L 

Taq ligase (New England Biolabs); 1.2 &L, 2 U/&L Phusion DNA polymerase; 7.5 &L, dNTP mix 
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(10 mM each dNTP); 34.25 &L, dH2O). Reactions were incubated at 50oC for up to one hour in a 

thermocycler then placed on ice.  

2.5 Real-time qPCR 

2.5.1 Template DNA 

A region of 113 bp of the chromosomal gene dxs was amplified by colony PCR of E. coli DH1 

using the primers: dxsF and dxsR. A region of 81 bp of the plasmid-borne bla gene was 

amplified from pBR322 DNA by PCR using the primers blaF and blaR (Lee, Kim, Shin, & 

Hwang, 2006). The PCR was run for 30 cycles of: 98oC, 30 seconds (first cycle only); 98oC, 5 

seconds; 62oC, 10 seconds; 72oC, 5 seconds. The two PCR products were purified using the 

Qiagen PCR purification kit and the concentration measured using the nanodrop. A series of 

six, 10-fold dilutions were made for each template DNA using the CAS-4 Corbett Robotics 

System.  

2.5.2 qPCR reactions 

qPCR reactions were carried out using the SYBR Green method. PCRs were performed in 10 

&L reactions in 0.1 ml tubes containing: 5 &L 2x SYBR Green Mix (Sensimix SYBR No-ROX Kit, 

Bioline); 3 &L dH2O; 0.5 &L forward primer; 0.5 &L reverse primer and 1 &L template DNA. The 

PCR was run as recommended in the manufacturer’s protocol: 95oC, 10 minutes (first cycle 

only), followed by 40 cycles of: 95oC, 15 seconds; 60oC, 15 seconds; 72oC, 15 seconds. Cycling 

was followed by a dissociation step, ramping the temperature from 55oC to 99oC at 1oC intervals 

pausing for 5 seconds at each step. Green fluorescence at 510 nm was detected. 

2.6 "-galactosidase assays 

100 &L of an overnight culture was sub-cultured into 5 ml sterile NB2 in triplicate. Cultures were 

incubated at 37oC, 200 r.p.m. for approximately 2 hours. 1.5 ml of the culture was centrifuged 

and resuspended in 1.5 ml, 0.85% NaCl. The OD600 was measured. The samples were 

prepared in triplicate by dilution in Z-buffer (0.06 M, Na2HPO4; 0.04 M, NaH2PO4.H2O; 0.01 M, 

KCl; 0.001 M, MgSO4.7H2O and 0.05 M, "-mercapthoethanol) to a final volume of 1 ml. A 

control was set up with 1 ml Z-buffer. 200 &L chloroform and 100 &L 0.1% SDS were added to 

each tube and mixed by vortexing. 200 &L of the substrate ONPG (4 mg/ml) was added and the 

time recorded. When the yellow colour was visible 500 &L 1 M Na2CO3 was added to stop the 
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reaction and the time was again recorded. The absorbance at 420 nm and 550 nm were 

measured (Miller, 1972). 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 Construction and testing of Repressor oriSELECT cassettes: modified 

E. coli strains, with cassettes useful for antibiotic-free plasmid 

selection 
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3.1 Preface 

This chapter describes the construction and testing of modified E. coli strains containing 

cassettes useful for oriSELECT. The efficacy of four cassettes varying in the length of RNAII 

sequence and positioning of the RBS were measured quantitatively using a "-galactosidase 

assay. In the E. coli lac operon, the lac repressor binds the lac operator sequence preventing 

expression of lacZ. By placing the RNAII sequence from the pMB1 replicon upstream of the lacI 

gene it is predicted that RNAI expressed from the plasmid would bind the complementary RNAII 

transcript preventing lacI expression, thus relieving the repression of lacZ (Figure 3.1). Plasmids 

of varying copy number were tested in these oriSELECT strains to investigate the effects of the 

amount of RNAI and the effect of rom gene expression on the system. 

The aims were: firstly to integrate the oriSELECT cassettes into the genome of E. coli DH1, 

secondly to construct the copy number mutant plasmids and finally to assay the oriSELECT 

strains for "-galactosidase activity. The results from the "-galactosidase assays were used to 

demonstrate the potential for oriSELECT as a novel method for antibiotic-free plasmid selection 

and to identify the best of the cassettes tested that could then be used as the basis for the 

design of future oriSELECT strains.   
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Figure 3.1 – Diagram showing the mechanism of the oriSELECT reporter assay. A: Production 

of the lac repressor prevents transcription of lacZ. Therefore, the enzyme "-galactosidase will 

not be produced. B: Presence of a plasmid with the pMB1 replicon produces RNAI that should 

bind to the complementary RNAII transcript preventing transcription of lacI. Absence of the lac 

repressor leads to derepression of lacZ, resulting in production of "-galactosidase. 
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3.2 Experimental 

3.2.1 oriSELECT plasmids 

Four plasmids containing oriSELECT cassettes (as described in 1.8.1) were designed and 

constructed by Rocky Cranenburgh at Cobra Biologics. These plasmids were designed to 

replace the natural lacI gene with a RNAII-lacI cassette by homologous recombination, so 

contain regions of homology to the E. coli lac operon on either side of the cassette. The 

plasmids contain part of the sequence for RNAII either complementary to the complete RNAI 

corresponding to three loops (IC), or complementary to part of RNAI corresponding to two loops 

(IP). The position of the RBS also varied: either located in front of RNAII (R) to create a RNAII-

lacI fusion protein or between RNAII and lacI (L) so that the RNAI interaction with RNAII may 

cause steric hindrance, blocking access to the RBS, preventing transcription of lacI. A 

constitutive promoter was used to express the RNAII-lacI cassette. The native RNAII promoter 

was modified by combining the RNAII -10 and Ptrc -35 sequences. The plasmids also contain 

the cat gene flanked by dif sites, upstream of the RNAII-lacI cassette. This is to allow selection 

of integrants followed by excision of the resistance gene by Xer-cise (as described in 1.7.3.3). 

The DNA sequences of the oriSELECT cassettes are given in Appendix B. 

3.2.2 Integration of oriSELECT cassettes into the chromosome of E. coli DH1 by 

homologous recombination 

3.2.2.1 Preparation of linear DNA cassette by restriction digestion 

oriSELECT plasmid DNA was extracted from cells using the Qiagen Maxiprep kit. The linear 

DNA substrate for recombination—comprised of the RNAII-lacI cassette, the cat gene flanked 

by dif sites and flanking homology to the lac region of the chromosome—was prepared by 

digestion from the oriSELECT plasmid using the restriction endonucleases PstI and Bsu36I in 

NEBuffer 3. This yielded fragments of approximately 3.2 kb and 4 kb which were separated by 

agarose gel electrophoresis (results not shown). The 3.2 kb fragment was then purified by gel 

extraction. The purified linear DNA was transformed into pre-induced, competent DH1 (pRED) 

cells for !-Red recombination. Cells were plated on selective agar containing 10 &g/ml 

chloramphenicol. The reduced concentration of chloramphenicol was to compensate for 

decreased expression from the single gene copy of the resistance gene following chromosomal 

integration. Resulting chloramphenicol-resistant colonies were screened to confirm integration 
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of the cassette by colony PCR using the primers mhpA5’ and lacI3’. These primers amplify a 

region of 461 bp of the wild-type lac operon. If the cassette had been inserted into the genome 

the PCR product would be approximately 1.5 kb. The PCR was run for 30 cycles of 98oC, 3 

minutes (first cycle only); 98oC, 10 seconds; 72oC, 30 seconds; 72oC, 10 minutes (last cycle 

only). The PCR products were then run on a gel (results not shown). The results showed that 

the cassette had not been integrated into the chromosome. The resistant colonies were due to 

the transformation of E. coli cells with residual amounts of the original plasmid that had not been 

digested and had been co-purified with the digested DNA. 

3.2.2.2 Preparation of linear DNA cassette by PCR 

To avoid the problem of false-positives arising from transformation with residual undigested 

plasmid the linear cassette was prepared from the oriSELECT plasmid by PCR (Sharan et al., 

2009). The use of PCR amplification has the added advantage of increasing the DNA 

concentration, which increases the efficiency of both transformation and recombination. The 

primers mhpA5’ and lacI3’ were used to amplify a 1.5 kb sequence that includes around 200 bp 

of flanking homology to the lac operon (as described in section 3.2.2.1). PCR was followed by 

digestion with the restriction endonuclease DpnI. DpnI only digests methylated DNA, so will 

remove any template plasmid DNA but not digest the PCR product. Agarose gel electrophoresis 

was used to confirm the presence of the cassette (Figure 3.2).  

In addition to several faint non-specific bands two products are produced by the PCR reaction: 

one of 1.5 kb corresponding to the oriSELECT cassette; the second of 0.5 kb corresponding to 

the oriSELECT cassette with the chloramphenicol-resistance gene excised. The 1.5 kb product 

was purified from the gel. The purified linear DNA cassette was transformed into pre-induced 

competent E. coli DH1 (pRED). Cells were left to recover in NB2 without antibiotic selection 

overnight prior to plating on chloramphenicol agar. Colonies were visible on plates after 

approximately 36 hours. pRED was cured from the cells by growth in the absence of 

tetracycline.  
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Figure 3.2 – Agarose gel of PCR products for the preparation of the oriSELECT cassette. Lane 

1: 1 kb DNA ladder. Lane 2: PCR product resulting from amplification of oriSELECT cassette 

using primers mhpA5’ and lacI3’. The two bright bands correspond to the oriSELECT cassette 

with and without the chloramphenicol-resistance gene. 
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3.2.2.3 Verification of chromosomal integration 

Chromosomal insertion of the cassette was verified by colony PCR of chloramphenicol-resistant 

colonies using primers 5001 and 3001 that amplify a region of 2,884 bp of the E. coli 

chromosome. If the oriSELECT cassette had been inserted the size of the PCR product would 

be 3,940 bp as shown in Figure 3.3. The PCR was run for 30 cycles of: 98oC, 3 minutes (first 

cycle only); 98oC, 10 seconds; 64.3oC, 30 seconds; 72oC, 1 minute; 72oC, 10 minutes (last cycle 

only). Agarose gel electrophoresis was used to confirm the presence of the cassette (Figure 

3.4). The PCR product was also sent for DNA sequencing (results not shown). 
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Figure 3.3 – Diagram demonstrating the different size of amplicon upon insertion of the 

oriSELECT cassette. 

Figure 3.4 – Agarose gel of PCR products resulting from amplification of the lac operon, 

checking for integration of the oriSELECT cassette. Lane 1: 1 kb DNA ladder. Lane 2: Negative 

control, wild-type DH1. Lane 3: DH1 oriSELECT strain. 
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3.2.2.4 Removal of the chloramphenicol-resistance gene by Xer-cise 

The strains containing the integrated oriSELECT cassette were sub-cultured in growth media 

lacking selection pressure. Following Xer-recombination chloramphenicol-sensitive colonies 

were screened by colony PCR followed by DNA sequencing to verify that they contained the 

integrated oriSELECT cassette and had lost the chloramphenicol-resistance gene. Primers 

mhpA5’ and lacI3’ (as described in section 3.2.2.1) were used. The PCR product resulting from 

amplification of the chloramphenicol-sensitive strain was 548 bp compared to 1,520 bp for the 

chloramphenicol-resistant strain and 461 bp for wild-type E. coli (Figure 3.5). 
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Figure 3.5 – Agarose gel of PCR products to verify construction of oriSELECT strains. Lane 1: 1 

kb DNA ladder. Lanes 2-4: oriSELECT strain DH1.ripl (with cat gene). Lanes 5-6: oriSELECT 

strain DH1.ripl!cat (after Xer-cise). Lane 7: Control, unmodified wild-type DH1. 
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3.2.2.5 Sequence analysis of oriSELECT strains 

The four oriSELECT strains were sent for DNA sequence analysis to confirm the integration of 

the cassette and to confirm the absence of mutations in the lac operon. The relatively large 

region of DNA to be analysed required the use of four sets of primers designed to amplify 

overlapping sequences. The Plac1 primer set amplified 1,312 bp of the lac operon from position 

362,408 to 363,720 (positions refer to the position in the sequence of E. coli MG1655 

NC_000913). The Plac2 primer set amplified 1,326 bp of the lac operon from position 363,654 

to 364,980. The Plac3 primer set amplified 1,116 bp of the lac operon from position 364,890 to 

366,006. The Plac4 primer set amplified 1,181 bp of the lac operon from position 365,830 to 

367,011. Sequence analysis confirmed insertion of the cassettes with no mutations (results not 

shown). 

3.2.3 Preparation of strains for assay 

It was previously stated that the four oriSELECT strains would be assayed both in the absence 

and presence of plasmids to see the effect of plasmid copy number and rom gene expression 

on oriSELECT. 

pBR322 is a mid-copy number plasmid with the pMB1 replicon. RNAI and the Rop protein 

negatively regulate copy number. pUC vectors contain a high copy number derivative of the 

pMB1 replicon (section 1.2.2). The increased copy number is due to two mutations. The first is a 

G to A point mutation in the RNAII sequence (Lin-Chao, Chen, & Wong, 1992). This mutation 

alters the initiation of RNAI transcription and affects the RNAI/RNAII complex so it does not 

form as well as in the wild-type. The second mutation is the deletion of a sequence downstream 

of the ori – the rom gene. This gene encodes the protein Rop, which is involved in stabilising the 

interaction between RNAI and RNAII (section 1.1.7.8). As the RNAI/RNAII interaction is critical 

for the oriSELECT mechanism we will test whether or not the rom deletion has an effect on the 

system. It may be the case that the rom gene is necessary for oriSELECT and may need to be 

integrated into the genome of oriSELECT strains.  

pQR499 is a derivative of pUC19 with the lac sequences deleted. Therefore, pQR499 is a high-

copy number plasmid with the G to A mutation and the deletion of the rom gene. A plasmid 

lacking lac sequences was required to avoid any potential for repressor-titration by the lac 

operator that would affect the assay results. To identify whether any differences seen in the 
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assay were due to differences in the copy number of the plasmid or due to the effect of the Rop 

protein the oriSELECT strains were also assayed with two pBR322 mutants: one with the rom 

gene deleted and the second with the G to A point mutation, but still expressing Rop (Figure 

3.6). 
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Figure 3.6 – Plasmid maps of pBR322, pBR322G/A, pBR322-rom and pQR499. 
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3.2.3.1 Construction of plasmid copy number mutants 

3.2.3.1.1 pBR322G/A 

A G to A point mutation at position 2,975 (Sutcliffe, 1979) of pBR322—which is located within 

the RNAII sequence—affects the strength of interaction between RNAI and RNAII and therefore 

leads to an increase in plasmid copy number. This mutation is also temperature-sensitive, so at 

a higher temperature the copy number is further amplified.  

pBR322G/A was constructed by digestion of the vectors pBR322 and pUC19 with the restriction 

endonucleases ZraI and SapI in NEBuffer 4. The 2,432 bp fragment of pBR322 that contained 

the tetracycline-resistance gene (tetR) and rom gene was ligated to the 1,929 bp fragment of 

pUC19 that contained the replicon with the G to A point mutation and the ampicillin-resistance 

gene (bla). Ligation resulted in the formation of the plasmid pBR322G/A. 

Construction of pBR322G/A was confirmed by PCR using primers 5003 and 3003b. The PCR 

was run for 30 cycles of: 98oC, 3 minutes (first cycle only); 98oC, 10 seconds; 49oC, 30 seconds; 

72oC, 45 seconds; 72oC, 10 minutes (last cycle only). This primer set amplifies 1,174 bp of wild-

type pBR322 but is not able to amplify pBR322G/A due to a mismatch at the 3’ end of the 

forward primer 5003. The PCR product was analysed by gel electrophoresis (Figure 3.7). 

Results were also confirmed by DNA sequence analysis using the primers 5006 and 3006 

(results not shown). 
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Figure 3.7 – Agarose gel of PCR products confirming the construction of pBR322G/A. Lane 1: 1 

kb DNA ladder. Lane 2: pBR322. Lane 3: pBR322G/A resulted in no amplification. 
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3.2.3.1.2 pBR322"rom 

To delete the rom gene from pBR322, the plasmid was digested with the restriction 

endonucleases PvuII and ZraI in NEBuffer 4, which produced two fragments with blunt ends. 

One of these fragments contained the replicon and the ampicillin-resistance gene and the other 

contained the rom gene and the tetracycline-resistance gene. The products from the digestion 

were recircularised by ligation. This could result in several possible products: the two fragments 

can ligate back together in either orientation resulting in a plasmid of 4,361 bp or the individual 

fragments can circularise producing the 2,220 bp plasmid pBR322!rom or a circular DNA of 

2,141 bp, which does not contain a replicon so would be unable to replicate. Following 

transformation and selection on ampicillin agar, colonies were plated onto tetracycline agar to 

identify clones that were both ampicillin-resistant and tetracycline-sensitive. Confirmation of 

construction of pBR322!rom was by restriction digestion using the enzymes PstI and SacI in 

NEBuffer 4 and BSA, followed by agarose gel electrophoresis (Figure 3.8).  
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Figure 3.8 – Agarose gel to verify construction of pBR322!rom. Lane 1: 1 kb DNA ladder. Lane 

2: pBR322. Lane 3: pBR322!rom. 
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3.2.3.2 Transformation of plasmids into oriSELECT strains 

Plasmids pSC101, pBR322, pBR322G/A, pBR322!rom and pQR499 were transformed into 

each of the four oriSELECT strains and an unmodified DH1 control.  

3.2.4 Determination of plasmid copy numbers of pMB1 origin plasmids used in assays 

by real-time quantitative PCR 

There is some discrepancy in the literature regarding the effect of the rom gene deletion on 

plasmid copy number. Deletion of the rom gene was initially described as resulting in a six-fold 

increase in plasmid copy number (Nugent et al., 1986). The deletion of rom has also been 

shown to suppress the effects of the G to A point mutation in RNAII (Lin-Chao et al., 1992). 

More recently it was shown that the deletion of rom resulted in a two to three fold increase in 

copy number in slow growing cells but no increase in copy number was observed in fast 

growing cells (Atlung et al., 1999). 

The copy numbers of the four pMB1 plasmids were determined by real-time quantitative PCR 

(qPCR) to check that they were as expected and to see the effect of the rom gene deletion. 

Plasmid copy number is defined as the number of copies of plasmid per chromosome. Plasmid 

copy number was assayed using the absolute quantitation method (Providenti et al., 2006). Two 

sets of primers were used: one to amplify a chromosomal gene (Deoxyxylulose 5-phosphate 

synthase, dxs); the second to amplify a plasmid gene ("-lactamase, bla) (Lee et al., 2006). The 

plasmid copy number is calculated as the ratio of copies of bla to copies of dxs, as both the 

genes are present as single gene copies. 

qPCR reactions were carried out using the SYBR Green method. The SYBR Green dye 

intercalates within the minor groove of double-stranded DNA, so, as more DNA is produced in 

the PCR reaction more SYBR Green can bind resulting in an increase in fluorescence. qPCR 

measures the number of cycles that are required to detect a signal above a certain threshold 

this number is the Ct value. 

3.2.4.1 Preparation of DNA template for standard curves 

Template DNAs were produced by PCR as described in section 2.5.1. The PCR products were 

purified and checked by agarose gel electrophoresis (results not shown). The concentration of 
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template DNA was measured using the nanodrop. The concentrations were measured to be 

52.7 ng/&L for the bla template and 33 ng/&L for the dxs template. 

3.2.4.2 Optimisation of primer concentration 

To determine the optimal primer concentration for the qPCR reactions a primer matrix was run 

for each of the primer sets using concentrations of 50 nM, 300 nM and 900 nM. Reactions were 

compared to a no-template control (NTC) reaction that just contained sterile water. The best 

primer concentration is the lowest primer concentration that produces the highest Ct value for 

the positive control reactions and the lowest Ct value for the negative control reactions. From 

the results (not shown) it was concluded that for the bla primer set: 50 nM blaF and 50 nM blaR 

would be used and for the dxs primer set: 50 nM dxsF and 300 nM dxsR would be used. 

3.2.4.3 Standard curves 

The number of copies of template DNA, for each of the templates, was calculated using 

Equation 1 (Whelan, 2003). 

 

 

The dxs template DNA was calculated to have a concentration of 6,600,000 copies/&L and the 

bla template DNA 11,000,000,000 copies/&L. A series of six, 10-fold dilutions were made for 

each of the template DNAs. The qPCR reactions were run on these DNA samples in triplicate. 

For each template the threshold was set automatically to give a value of R2 of 0.98 or higher. 

The R2 value is a statistical measure of the level of confidence of the predicted values. If R2 = 1 

the values are said to be accurately predicted. For the bla primer set the undiluted and 10-5 

dilutions were removed to give an R2 value above 0.98. The threshold values were 0.1154 for 

the bla standards and 0.0692 for the dxs standards. Standard curves—plotted as Ct against the 

log of the initial template concentration—were produced for each primer set (Figure 3.9).

Equation 1 – Equation to calculate the number of copies of template DNA used in the reaction. 

* = Avogadro’s number. 
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Figure 3.9 – Overlaid standard curves for bla and dxs primer sets. 
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3.2.4.4 Preparation of DNA template for qPCR reactions 

Template DNA was extracted in triplicate from overnight cultures that had reached stationary 

phase, using the Qiagen QIAamp DNA Mini Kit. The concentration of the DNA was measured 

using a nanodrop. Purity of DNA was assessed by looking at the A260/A280 ratio. Pure DNA 

should have an A260/A280 value of 1.7-1.9.  

3.2.4.5 Determination of plasmid copy number 

For each plasmid qPCR reactions were run in triplicate for each DNA extraction. The standard 

curves were imported into the run data. The Ct values were compared to the standard curve 

and the concentration in copies/&L calculated. The plasmid copy number was calculated by 

dividing the number of copies of the bla gene by the number of copies of the dxs gene (Table 

3.1).  
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Sample bla dxs Copies bla / 
copies dxs Ct copies/&L Ct copies/&L mean standard 

error of 
the mean 

pBR322 1 9.86 84,440,657 11.86 1,285,539 66 

 
83 10 

pBR322 1 8.83 161,151,511 11.55 1,555,597 104 
pBR322 1 9.12 134,642,998 11.71 1,409,132 96 
pBR322 2 8.01 269,540,109 10.66 2,706,792 100 
pBR322 2 8.09 256,219,535 10.98 2,212,304 116 
pBR322 2 8.60 185,970,577 10.15 3,703,809 50 
pBR322 3 8.51 196,808,998 10.34 3,283,873 60 
pBR322 3 8.27 229,331,030 10.74 2,567,455 89 
pBR322 3 9.39 113,590,283 10.98 2,221,285 51 
pBR322 4 8.27 228,541,850 10.11 3,800,185 60 
pBR322 4 8.74 170,352,909 10.35 3,261,575 52 
pBR322 4 8.17 243,217,125 11.57 1,538,504 158 
        
pBR322G/A 1 8.18 413,934,831 13.14 1774169 233 

207 34 

pBR322G/A 1 7.69 563,088,879 13.77 1200087 469 
pBR322G/A 1 7.57 606,435,281 12.33 2919586 208 
pBR322G/A 2 7.78 531,583,660 12.34 2912069 183 
pBR322G/A 2 7.30 718,228,935 11.72 4264078 168 
pBR322G/A 2 7.24 743,349,858 11.57 4679197 159 
pBR322G/A 3 8.00 461,907,897 12.42 2760130 167 
pBR322G/A 3 7.54 616,059,255 11.61 4562208 135 
pBR322G/A 3 7.44 657,453,057 11.62 4531230 145 
        
pBR322!rom 1 7.10 492290829 11.86 2216858 222 

82 18 

pBR322!rom 1 7.69 339010476 11.00 3781454 90 
pBR322!rom 1 7.61 357633450 10.55 4988130 72 
pBR322!rom 2 7.62 354680279  9.77 8106360 44 
pBR322!rom 2 6.90 559051682  9.70 8456285 66 
pBR322!rom 2 7.56 369384221 10.20 6204481 60 
pBR322!rom 3 8.19 247914704 11.01 3752666 66 
pBR322!rom 3 8.45 211029911 11.49 2800421 75 
pBR322!rom 3 8.48 207056958 10.64 4721347 44 
        
pQR499 1 6.31 807672307 11.15 3437422 235 

335 50 

pQR499 1 7.49 385630737 11.06 3640696 106 
pQR499 1 6.12 908020268 11.22 3309775 274 
pQR499 2 7.29 435891873 11.59 2628286 166 
pQR499 2 7.28 438866545 12.05 1974581 222 
pQR499 2 7.09 493760699 11.36 3021705 163 
pQR499 3 5.85 1,040,487,946 10.87 2,373,965 438 
pQR499 3 5.92 996,002,706 10.79 2,493,143 399 
pQR499 3 6.51 689,795,021 11.01 2,175,942 317 
pQR499 4 5.72 1,130,125,246 11.26 1,867,024 605 
pQR499 4 5.72 1,127,916,321 11.36 1,752,102 644 
pQR499 4 6.47 706,510,647 11.53 1,573,748 449 

 

Table 3.1 – Data from qPCR assays and resulted calculation of plasmid copy number. 
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3.2.4.6 Melt curve analysis 

The SYBR Green dye intercalates with any double-stranded DNA and is unable to distinguish 

between specific and non-specific PCR products or primer dimers. The amplification of non-

specific products must be avoided and verification of data requires the confirmation of the 

absence of non-specific products. Melt curve analysis is performed after qPCR cycling by a 

gradual increase in the temperature. At the melting temperature of the double-stranded DNA 

product, the dissociation of the two strands of DNA leads to an immediate drop in the level of 

fluorescence, which is seen as a peak when the negative derivative of fluorescence against 

temperature (dF/dTvsT) is plotted (Ririe et al., 1997). The shape and position of the curve is 

related to the GC-content, length and sequence. Fragments of differing melting temperatures 

appear as individual peaks. If a single peak is seen on a melt curve plot then this confirms the 

presence of a single PCR product. Melt curve analysis showed a single peak indicating no 

contaminants (Figure 3.10). 
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Figure 3.10 – Melt curve analysis. A: Melt curve analysis of products using the bla primer set. B: 

Melt curve analysis of products using the dxs primer set. 
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3.2.4.7 Discussion 

Statistical analysis of the qPCR assay results by one-way analysis of variance (ANOVA) using 

the statistical software SPSS showed statistical significance. The Games-Howell post-hoc test 

was used as this method does not assume equal variances or equal sample sizes.  

The copy number of pBR322 is reported to be approximately 15-20 (Muesing et al., 1981). 

Measurement of plasmid copy number of pBR322 using the same qPCR assay that was used 

here gave a copy number of around 18 (Lee et al., 2006). The results from the assay showed 

the copy number of pBR322 to be approximately 80, which was higher than expected.  

Plasmid copy number is highly dependent on the growth conditions. This leads to the variability 

in copy numbers reported in the literature. When cells enter the stationary phase plasmid 

amplification occurs as the plasmid replication continues after the host stops replicating and 

dividing (Fitzwater et al., 1988). Here, copy number was measured in cells following overnight 

growth, whereas, Lee et al. measured copy number in cells during the exponential growth 

phase. The increased copy number observed here is likely due to this growth phase 

amplification.  

Both mutations, the deletion of the rom gene and the G to A point mutation, are reported to 

increase plasmid copy number (Lin-Chao et al., 1992; Twigg and Sherratt, 1980). My results 

showed that the deletion of the rom gene in plasmids pBR322!rom and pQR499 did not have 

significant effect on plasmid copy number. This is contradictory to research that showed the 

deletion of rom to not have an effect on copy number in fast-growing cells but to increase copy 

number in slow growing cells (Atlung et al., 1999). 

As expected, the G to A point mutation in plasmids pBR322G/A and pQR499 led to a 

statistically significant (p<0.05) increase in plasmid copy number compared to pBR322 and 

pBR322!rom respectively. The G to A point mutation has been described as being suppressed 

by the rom gene as the copy number of pBR322 with the point mutation is higher only when the 

rom gene has been deleted (Lin-Chao et al., 1992). This would mean that the copy number of 

pBR322G/A would be lower than that of pQR499. My results show that pQR499 does have a 

higher copy number than pBR322G/A, though this was not statistically significant. 
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3.2.5 "-galactosidase assays to assess the efficacy of oriSELECT cassettes 

To determine the extent to which each of the oriSELECT cassettes repressed the lac operon 

the amount of "-galactosidase activity was measured, as activity is proportional to the levels of 

expression of the lacZ gene. In oriSELECT strains containing a plasmid with the pMB1 replicon 

the effectiveness of the plasmid at relieving this repression can be measured. From the results 

of these assays the best of the cassettes for designing future constructs was determined. 

"-galactosidase assays were performed on the four oriSELECT strains and unmodified DH1 as 

a control. Each strain was assayed without a plasmid, both uninduced and induced with IPTG. 

Cells transformed with the plasmid pSC101 were used as negative controls as this plasmid is 

not of the pMB1 family, so does not produce RNAI. pMB1 plasmids of varying copy numbers 

tested in the system were pBR322, pBR322G/A, pBR322!rom and pQR499. 

The assays were performed as described in 2.6. The colourless substrate, o-nitrophenyl-"-D-

galactopyranoside (ONPG) was metabolised by "-galactosidase to form a yellow product, o-

nitrophenol (ONP) that was measured spectrophotometrically by absorbance at 420 nm. The 

absorbance at 550 nm was also measured to account for light scattering by cells. From the 

absorbance values the specific activity in Miller Units (an arbitrary value) was calculated (Miller, 

1972).  

3.2.5.1 Expected results of "-galactosidase assays 

In unmodified E. coli DH1, expression of the lacZ gene is repressed by the constitutively 

expressed lac repressor binding to the lac operator sequence blocking expression from the lac 

promoter. A low level of "-galactosidase activity may still be detected due to leaky expression. 

Addition of the chemical inducer IPTG relieves the repression of lacZ expression by binding to 

the lac repressor causing a conformational change in the repressor and rendering it unable to 

bind to the lac operator. 

The aims of the assay were to determine the extent of repression of the lacZ gene in strains 

containing an oriSELECT cassette. The presence of the negative control plasmid pSC101 

should not have any effect on the levels of "-galactosidase activity. Plasmids with the pMB1 

replicon produce RNAI. Plasmid-derived RNAI hybridising to complementary RNAII produced 

from the oriSELECT cassette should prevent lacI expression, thus allowing expression of "-
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galactosidase. Plasmids pBR322 and pBR322G/A were used to see the effects of plasmid copy 

number on oriSELECT. It was expected that the higher copy number plasmid would allow 

higher levels of "-galactosidase expression. Plasmids pBR322!rom and pQR499 were used to 

see the effects of the rom gene deletion on oriSELECT. 

3.2.5.2 Analysis of "-galactosidase assay results 

The data was collated in a Microsoft Excel spreadsheet (Appendix C). From the raw data, the "-

galactosidase specific activity (in Miller Units) was calculated using Equation 2. 

 

 

For statistical analysis of the significance of the results a one-way ANOVA was carried out using 

the statistical software package SPSS. The Welch’s F-test was used due to unequal variance. 

Post-hoc testing was done using the Games-Howell method. 

 

3.2.5.2.1 Unmodified E. coli DH1 

For the control strain, unmodified E. coli DH1, the results were as expected (Figure 3.11). There 

was no "-galactosidase activity detected in the strain without a plasmid and no significant 

difference was seen between this and the strain with the negative control plasmid pSC101. The 

presence of a plasmid with the pMB1 replicon also had no significant effect on "-galactosidase 

activity compared to the negative control. This is due to the lac repressor preventing expression 

of "-galactosidase.  

A significant level of "-galactosidase activity (p<0.001) was observed in the positive control that 

had been induced with IPTG. It is reported that IPTG induction results in approximately 1000 

Miller units of "-galactosidase activity (Miller, 1972), which is comparable to my results. 

Equation 2 – Equation to calculate the specific activity of "-galactosidase. 
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Figure 3.11 – "-galactosidase assay results for the unmodified E. coli DH1 strain. Negative 

controls: without a plasmid and with pSC101. With pMB1 origin plasmids: pBR322, pBR322G/A, 

pBR322!rom or pQR499 and the positive control without a plasmid and induced with IPTG. 

Bars represent the specific activity in Miller Units. Error bars represent the 95% confidence 

interval. 
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3.2.5.2.2 oriSELECT E. coli DH1.icrl 

The strain E. coli DH1.icrl showed significantly higher (p<0.001) levels of "-galactosidase 

activity in uninduced plasmid-free cells compared to unmodified E. coli DH1 (Figure 3.12). This 

showed that the presence of the oriSELECT cassette has an effect on lacI gene expression. 

The level of "-galactosidase activity in E. coli DH1.icrl containing the negative control plasmid 

pSC101 is not statistically different to that of the strain without the plasmid, as expected. The 

IPTG-induced positive control shows that the lac operon is still functional, as the specific activity 

of the induced culture is not significantly different from that of the IPTG-induced unmodified 

DH1.  

There is a low level of "-galactosidase activity in the absence of a plasmid. This means the 

cassette is leaky. This is likely due to a reduction in expression of the lacI gene, resulting in the 

"-galactosidase gene not being fully repressed. Different levels of expression of the lacI gene in 

DH1.icrl compared to the wild-type lac operon would be expected as we have changed the 

natural lacI promoter for the RNAII-Ptrc promoter. Quantitative reverse transcriptase PCR (qRT-

PCR) could be used to measure the levels of lacI gene expression in DH1 and DH1.icrl. To 

reduce the leakiness of the system changing the promoter to one that allows stronger gene 

expression would increase transcription of lacI. Mathematical modelling could be used to predict 

gene expression levels under different promoters. 

In E. coli DH1.icrl cells containing the plasmids pBR322 and pBR322G/A the levels of "-

galactosidase activity are significantly higher (p<0.001) than the negative control. This indicates 

that oriSELECT is working as the presence of a plasmid producing RNAI prevents expression of 

the lac repressor thereby allowing expression of the lacZ gene. The high copy number mutant 

plasmid pBR322G/A at 37oC does not show any statistically significant difference in "-

galactosidase activity compared to pBR322. Looking at Figure 3.12, pBR322G/A at 42oC has a 

high level of "-galactosidase activity but this is not statistically significant according to ANOVA 

analysis.  

Binding of RNAI to the RNAII transcript appears to be effective at sterically blocking the 

ribosome from binding to the RBS. Sufficient RNAI is produced by the mid-copy number 

plasmid pBR322 to derepress lacZ. However, the presence of a higher copy number plasmid 
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results in higher levels of "-galactosidase activity comparable to those seen upon IPTG 

induction. 

RNAI has two target sites in the cell, the natural target on the plasmid replicon for copy number 

control and the chromosomal oriSELECT cassette. Therefore, there is competition between 

these target sites.  The excess of plasmid target sites over the chromosomal target site would 

result in the RNAI preferentially binding the plasmid. An experiment to check whether this is in 

fact the case would be to place the RNAI sequence on a compatible plasmid with a different 

replicon and repeating the assay in the absence of the target on the plasmid replicon. Another 

issue could arise if RNAI is subject to cis-trans position effects. Cis-trans position effects were 

first identified in bacteriophage T4 (Stahl et al., 1966). A gene acting in cis exerts its effect on 

the same DNA molecule from which it was produced. A gene acting in trans is exerting its effect 

on another DNA molecule. Preference for acting in cis could be due to the close proximity of the 

target to the DNA strand from which the gene was transcribed. 

Both plasmids with the rom gene deleted, pBR322!rom and pQR499, show no significant levels 

of "-galactosidase activity compared to the negative control and are significantly different 

(p<0.001) from pBR322 and pBR322G/A plasmids expressing Rop respectively. This shows the 

importance of the Rop protein for the function of oriSELECT, as it is necessary to aid the 

formation of the RNAI/RNAII complex. 
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Figure 3.12 – "-galactosidase assay results for the oriSELECT strain E. coli DH1.icrl. Negative 

controls: without a plasmid and with pSC101. With pMB1 origin plasmids: pBR322, pBR322G/A, 

pBR322!rom or pQR499 and the positive control without a plasmid and induced with IPTG. 

Bars represent the specific activity in Miller Units. Error bars represent the 95% confidence 

interval. 
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3.2.5.2.3 oriSELECT E. coli DH1.iprl 

The level of "-galactosidase specific activity in E. coli DH1.iprl is statistically significant 

(p<0.001) compared to unmodified E. coli DH1 (Figure 3.13). The different promoter controlling 

lacI expression likely accounts for this effect. The IPTG-induced positive control shows that the 

lac operon is still functional. The specific activity of the IPTG-induced control is significantly 

lower (p<0.001) compared to the IPTG-induced controls for the other strains. The assays of this 

strain showed some unexpected results. A significant decrease (p<0.001) in activity was seen in 

the presence of the negative control plasmid. Also, pBR322G/A at 42oC and pQR499 showed 

significantly decreased (p<0.001) levels of "-galactosidase activity compared to the negative 

control. This could be due to the low levels of specific activity. This combined with the low level 

of variance seen in these samples may make the results appear more significant than they 

actually are.  

It was originally thought that RNAI binding to the shorter RNAII might be more effective at 

blocking synthesis of the lac repressor as the third loop of RNAI would not be bound so may 

interfere more with ribosome binding. However, this was not the case. This cassette was not 

functional in terms of oriSELECT as the repression of lacZ was not relieved by a plasmid 

expressing RNAI. This could be due to a reduced binding affinity of the RNAI transcript to the 

shorter RNAII, RNAII (P). The binding affinity could be measured using an in vitro assay. 

Incubating radioactive RNAI with unlabelled RNAII will result in the formation of a radiolabelled 

duplex. The products can be separated on a native polyacrylamide gel. The RNAI band can 

then be cut out of the gel and the radioactivity measured. Binding rates can then be calculated 

from the amount of RNAI left as a function of time (Tomizawa, 1984).  
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Figure 3.13 – "-galactosidase assay results for the oriSELECT strain E. coli DH1.iprl. Negative 

controls: without a plasmid and with pSC101. With pMB1 origin plasmids: pBR322, pBR322G/A, 

pBR322!rom or pQR499 and the positive control without a plasmid and induced with IPTG. 

Bars represent the specific activity in Miller Units. Error bars represent the 95% confidence 

interval. 

 

68 bp 
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3.2.5.2.4 oriSELECT E. coli DH1.ripl 

E. coli DH1.ripl showed a very high level of "-galactosidase activity significantly higher 

(p<0.001) than the DH1 control (Figure 3.14). As expected, cells with the negative control 

plasmid showed no significant change in levels of activity compared to DH1.ripl. The DH1.ripl 

strain appears to be very leaky as there is no significant difference in activity between the 

negative control and the IPTG-induced control.  

High levels of "-galactosidase activity are seen in DH1.ripl, this might be expected if the lac 

repressor was not being produced or if the repressor was not functional. However, if the lac 

repressor was not being produced then the change in "-galactosidase activity in the presence of 

the plasmid would not have been observed. Therefore, it is more likely that the RNAII-lacI fusion 

is somehow deleterious to lacI. The fusion results in 24 amino acids at the N-terminus of the lac 

repressor, which is the DNA binding domain (Figure 3.15). Therefore, it is logical to assume that 

the presence of the RNAII translated sequence would result in changes in the conformation of 

the protein and alter the binding affinity of the repressor to the operator. Prevention of the 

binding of the repressor to the lac operator would allow for constitutive lacZ expression.   

The strains containing the plasmids pBR322 and pBR322G/A showed significantly higher 

(p<0.001) levels of "-galactosidase activity, which showed that the presence of a plasmid 

producing RNAI prevented expression of the RNAII-lacI fusion protein, allowing expression of 

the lacZ gene. High-copy number plasmids did not show a significant increase in activity again 

confirming that the levels of RNAI expression from the mid-copy number plasmid pBR322 are 

sufficient for derepression. The plasmids with the rom gene deleted did not have any significant 

effect on "-galactosidase activity, reiterating the importance of Rop for oriSELECT. "-

galactosidase activity in the presence of the pBR322G/A plasmid at 42oC was seen to increase 

approximately 2.5 fold compared to the IPTG-induced positive control. The observation of an 

increase in specific activity beyond that of a fully induced control has been reported before 

(Williams et al., 1998).  

This increase in specific activity beyond that of the IPTG-induced control could be due to 

readthrough transcription from the constitutive promoter controlling expression of lacI. However, 

this is not likely due to the presence of a transcriptional terminator following the lacI gene as in 

the natural operon expression of lacZ needs to be avoided. It is more likely that the normal level 
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of "-galactosidase observed following IPTG induction is not the maximal level of activity. This 

could be due to competition between the repressor binding either the operator or IPTG. If in the 

normal IPTG-induced state there is always a small amount of the lac repressor bound to the 

operator sequences maximal levels of induction will not be seen.  

Additionally, "-galactosidase catalyses the conversion of lactose into glucose and galactose. 

When the concentration of glucose increases there is an impact on CAP binding to DNA, 

ultimately reducing transcription of lacZ. Therefore, you would never really see the maximum 

levels of "-galactosidase activity.  
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Figure 3.14 – "-galactosidase assay results for the oriSELECT strain E. coli DH1.ripl. Negative 

controls: without a plasmid and with pSC101. With pMB1 origin plasmids: pBR322, pBR322G/A, 

pBR322!rom or pQR499 and the positive control without a plasmid and induced with IPTG. 

Bars represent the specific activity in Miller Units. Error bars represent the 95% confidence 

interval. 

68 bp 
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Figure 3.15 – Structure of tetrameric lac repressor bound to DNA with the N-terminal DNA 

binding domain in blue. The N-terminus of one of the lac repressor monomers is circled in pink. 

PDB1Z04. 
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3.2.5.2.5 oriSELECT E. coli DH1.ricl 

E. coli DH1.ricl showed significant (p<0.001) levels of "-galactosidase activity compared to 

unmodified DH1 showing the effect of the presence of the oriSELECT cassette (Figure 3.16). 

There was no significant difference between the strain without a plasmid and that with the 

negative control plasmid pSC101. The presence of a plasmid with the pMB1 replicon, producing 

RNAI, did not lead to derepression of the lacZ gene as no significant levels of enzyme activity 

were detected in the presence of any of the plasmids with the pMB1 replicon. The lac operon 

was still functional, as demonstrated by the IPTG-induced positive control. Therefore, it is 

concluded that this particular oriSELECT cassette does not work.  

This RNAII-lacI fusion incorporates 37 amino acids at the N-terminus of the lac repressor. It 

would be logical to think that the longer sequence would have more of a negative effect on the 

functioning of the lac repressor compared to the RIPL cassette (3.2.5.2.4). However, the lac 

repressor is working well. It could be that the longer sequence fused at the N-terminus of the lac 

repressor increases the binding affinity of the repressor for the operator DNA.  

Repression of "-galactosidase activity is not relieved by RNAI produced from a plasmid. This 

could be due to the presence of an alternative RBS between the RNAII and lacI sequences, 

which would allow transcription of lacI even in the presence of a plasmid producing RNAI. 

However, this is not likely, as with a RBS at this site the cassette would be similar to the ICRL 

cassette and that cassette functioned in terms of oriSELECT.  
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Figure 3.16 – "-galactosidase assay results for the oriSELECT strain E. coli DH1.ricl. Negative 

controls: without a plasmid and with pSC101. With pMB1 origin plasmids: pBR322, pBR322G/A, 

pBR322!rom or pQR499 and the positive control without a plasmid and induced with IPTG. 

Bars represent the specific activity in Miller Units. Error bars represent the 95% confidence 

interval. 
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3.2.5.2.6 Discussion 

Comparisons of the efficacy of four oriSELECT cassettes that varied in the length of RNAII 

sequence and in the positioning of the RBS were made. The results showed that the IPRL and 

RICL cassettes were not functional, as repression of "-galactosidase was not relieved by the 

presence of a plasmid with the pMB1 replicon, producing RNAI. The cassettes ICRL and RIPL 

both showed the potential for oriSELECT.  

Each of the oriSELECT cassettes showed significantly different (p<0.001) levels of activity 

compared to unmodified DH1. Differences in the level of repression of "-galactosidase activity 

are likely due to the alteration in lacI expression due to the replacement of the lac promoter and 

insertion of a part of the RNAII sequence. The rest of the lac operon was not affected as all the 

cassettes showed a similar level of "-galactosidase activity upon IPTG-induction. 

The RIPL cassette was very leaky with equivalent levels of "-galactosidase in the plasmid-free 

negative control and the IPTG-induced positive control. Therefore, it was concluded that the 

ICRL cassette—though still a bit leaky—was the best of the cassettes tested and would be used 

to build oriSELECT strains. This has the three loops of RNAII and the RBS in between the 

RNAII sequence and the repressor gene, so that RNAI binding may sterically block ribosomal 

binding. The leakiness of the ICRL cassette may not be a problem when constructing an actual 

strain that can be used for selection with an essential gene or a toxic gene. However, if this is 

still an issue then changing the expression levels of the repressor by changing the promoter or 

by site-directed mutagenesis of the promoter could improve the tightness of control. 

Plasmids of mid-copy number and high-copy number were tested in the oriSELECT strains. The 

assay results showed that the mid-copy number plasmid pBR322 produced sufficient RNAI to 

derepress lacZ expression. One of the most important results from this assay was the 

demonstration of the essentiality of rom gene expression for oriSELECT. Plasmids lacking rom 

were unable to relieve derepression of lacZ. The Rop protein helps the formation and 

stabilisation of the interaction between RNAI and RNAII. Therefore, the rom gene will need to 

be integrated into the chromosome of the final oriSELECT strain to allow the use of high-copy 

number plasmids like pUC—that have had the rom gene deleted—for oriSELECT. 
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Here, Rop was expressed from a multicopy plasmid so was in excess of the target site on the 

chromosome. Integration of the rom gene into the genome would be as a single gene copy and 

may not be as effective in binding the oriSELECT cassette on the chromosome, as some 

protein will bind to the plasmid as this target site is in excess. However, cis/trans position effects 

may also affect the system and Rop expressed from the chromosome may preferentially bind 

the chromosomal target as it would be in closer proximity than if the protein had to diffuse 

through the cell to find the plasmid target. 

The strain for antibiotic-free plasmid selection developed by Boehringer-Ingelheim (as described 

in section 1.5.4) uses the antisense RNAs of the pMB1 replicon to control expression of the 

essential gene murA (Mairhofer et al., 2008). Their initial work looked at the levels of expression 

of a RNAII-GFP fusion from the T7 promoter in cells with and without a plasmid expressing 

RNAI (Pfaffenzeller et al., 2006). Two different lengths of RNAII complementary to two loops of 

RNAI or complementary to the entire RNAI were tested. They found that the cassette with the 

shorter RNAII sequence worked better. In my work, the RIPL cassette containing two loops of 

RNAII and the RBS upstream of the RNAII-repressor cassette creating an RNAII-repressor 

fusion was similar to the cassette used in the antibiotic-free plasmid maintenance system 

developed by Boehringer-Ingelheim. Here, I have shown that the RIPL oriSELECT construct 

was very leaky so was thought not to be suitable for oriSELECT. The RICL cassette with the 

longer RNAII complementary to three loops of RNAI was shown here to not be functional. A 

potential cause of the differences seen could be due to the Boehringer-Ingelheim approach 

measuring the levels of GFP directly, whereas, this work is a more accurate representation of 

the Repressor oriSELECT mechanism. In addition, it is likely that a sequence fused to the N-

terminus of GFP would be less detrimental to its activity as long as protein folding was not 

severely disrupted. Whereas, in the case of the lac repressor the addition of the fusion could 

affect the DNA binding domain or the tetramerisation domain, severely affecting its function.  

There was quite a bit of variability in the "-galactosidase assay results this could be due to 

many factors including: pipetting errors; the growth of the cultures and the different lengths of 

reaction time (Giacomini et al., 1992). The assay could be improved by using 96 well plates, 

multichannel pipettes and by performing a time-course reaction and calculating the rate of "-

galactosidase activity. 
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This work has shown that this system is very complex and the outcomes are hard to predict due 

to the many factors involved and the interactions between these various factors in the cell. Such 

as: the binding of RNAI to the RNAII transcript; the strength of promoter controlling repressor 

gene expression and the binding of the repressor to the operator. To try and gain more 

understanding of how the oriSELECT system works. The promoter or repressor genes could be 

changed and assays performed to find better combinations with tighter control. Simplifying the 

system by placing the lacZ gene directly under the control of the RNAII cassette and assaying 

for "-galactosidase activity would give insight into the effects of the cassette on repressor gene 

synthesis. This would also be more representative for Toxin oriSELECT.  

 

3.3 Summary 

The two principle conclusions drawn from this work are that the ICRL oriSELECT cassette was 

the best of the four tested and so will be used for the design of future constructs. The 

importance of the rom gene has also been demonstrated and will likely need to be integrated 

into the genome of oriSELECT strains.  

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

4 Design and construction of a Toxin oriSELECT strain for antibiotic-

free plasmid selection 
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4.1 Preface 

The aim was to design and construct a Toxin oriSELECT strain for antibiotic-free plasmid 

selection. The mechanism of how this construct is expected to function was described in 

1.7.1.3. The construct was first built into a cloning vector. Then the cassette was prepared for 

integration into the E. coli host genome. This was met with several problems, which will also be 

described in this chapter.  

 

4.2 sacB Toxin oriSELECT  

4.2.1 Design 

The use of sacB as the toxic gene has the advantage of it being conditionally toxic as described 

in 0. Replacement of the lacI gene in the oriSELECT plasmid pICRL with sacB would create a 

Toxin oriSELECT cassette (Figure 4.1). This Toxin oriSELECT cassette could then be 

integrated into the chromosome of E. coli DH1 using the primers and method described in 

3.2.2.2. 
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Figure 4.1 – Diagram of the sacB Toxin oriSELECT construct (not to scale). 
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4.2.2 Experimental 

The construction of the sacB Toxin oriSELECT cassette is drawn out in Figure 4.2. 

The sacB gene was amplified by colony PCR from Bacillus subtilis subsp. subtilis 168 using 

primers 5008 and 3008. The PCR was run for 30 cycles of 98oC, 30 seconds (first cycle only); 

98oC, 10 seconds; 60oC, 30 seconds; 72oC, 45 seconds; 72oC, 10 minutes (last cycle only). The 

amplification of the 1,452 bp PCR product was confirmed by agarose gel electrophoresis 

(results not shown). 

The PCR product was cloned into the pCR-BluntII-TOPO cloning vector, using the Zero Blunt 

TOPO PCR Cloning Kit, resulting in the plasmid pTOPO.sacB. This was confirmed by digestion 

with EcoRI followed by agarose gel electrophoresis. EcoRI digestion of pTOPO.sacB resulted in 

three bands of 3,501 bp, 1,242 bp and 228 bp (results not shown). The plasmid was also sent 

for DNA sequencing with the M13 primers—M13-20 and M13 reverse—to check for the 

absence of mutations. The 4,971 bp plasmid pTOPO.sacB and the oriSELECT plasmid pICRL 

were digested with the restriction endonucleases BsaI and NarI in NEBuffer 4 and BSA. 

Digestion of pTOPO.sacB would result in five fragments of 2,498 bp, 1,434 bp, 473 bp, 318 bp 

and 248 bp. Digestion of pICRL would result in two fragments of 6,359 bp and 995 bp. The 

products of the digestion were run on a gel (Figure 4.3). The digestion did not work very 

efficiently but there was a clear band corresponding to the 1,434 bp sacB fragment, which was 

purified from the gel. It appears that NarI had not digested the pICRL vector very efficiently, as 

the 995 bp band is not very visible in lane 5 on the gel. However, the band of 6,359 bp was 

purified from the gel and the DNA was dephosphorylated using Antarctic Phosphatase to 

prevent religation of the linearised vector. 

The sacB gene was ligated into the pICRL vector and transformed into E. coli TOP10 

competent cells. Cells were plated onto chloramphenicol selective, M9 minimal agar plates with 

glucose as the carbon source. No colonies were observed on the plates following an overnight 

incubation at 37oC. 

 



 130 

!"#$%

!"#$%

&''(%

)''(%
*#+$%

,-.-%/012324%

$&%!'()*+!%

pTOPO.sacB

4971 bp

ColE1 origin 3790..4472
sacB 1434..13

M13-rev 4840..4860

Kan/neoR 2356..3147

7 NarI (3)

2232 NarI (3)
2480 NarI (3)

1441 BsaI (2)

1914 BsaI (2)

M13-fwd 1565..1548

5506 BsaI (1)
lacI RBS 5500..5510
RNAII(C) 5392..5499

dif 5308..5335
cat 5093..4437

dif 4336..4363
mhpR(part) 3511..4335

sacB 6938..5517

lacO3 7034..7049
lacO1 7121..7141
lacZ(part) 7165..7796

pICRL.sacB

7796 bp

p15A ori 267..1179

mhpA 1656..3320

p15A ori 267..1179

5506 BsaI (1)
lacI RBS 5500..5510
RNAII(C) 5392..5499

RNAII -10 5377..5382
trc-RNAII -35 5354..5359

dif 5308..5335
cat 5093..4437

dif 4336..4363
mhpR(part) 3511..4335

pICRL

7354 bp

lacZ(part) 6723..7354

lacI 5512..6591

6501 NarI (1)
lacO3 6592..6607

lacO1 6679..6699

mhpA 1656..3320

!"#$%&'()*(+),"#*&'()

)

)

 
 

Figure 4.2 – Diagram of the construction of the sacB Toxin oriSELECT cassette.  
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Figure 4.3 – BsaI/NarI digest of pICRL and pTOPO.sacB. Lane 1: HyperLadder I. Lane 2: 

undigested pICRL. Lane 3: BsaI digested pICRL. Lane 4: NarI digested pICRL. Lane 5: BsaI/NarI 

digested pICRL. Lane 6: undigested pTOPO.sacB. Lane 7: BsaI digested pTOPO.sacB. Lane 8: 

NarI digested pTOPO.sacB. Lane 9: BsaI/NarI digested pTOPO.sacB. Band to gel extract 

indicated by grey arrow. 
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4.2.3 Summary 

The fact that no colonies were observed following transformation could have been due to a 

failure of the ligation reaction or due to poor efficiency of the competent cells. It could also be 

due to expression of sacB as it has been reported that sacB can be mildly toxic even in the 

absence of sucrose in the growth medium. Using the sacB gene in this system could also be 

problematic, as it has been shown that over several generations bacteria can accumulate 

mutations, in either the sacB gene or in the genome, to bypass the toxicity of sacB. Therefore, it 

was decided that this might not be the best toxic gene to work with despite the advantage of 

being able to prevent the effects of toxin expression using the growth medium. 

 

4.3 ccdB Toxin oriSELECT 

4.3.1 Design 

The ccdB gene from the post-segregation killing system of the F plasmid was selected as the 

toxic gene instead (1.1.6.4.1). To prevent expression of the toxin during construction of the 

strain and to allow maintenance of the strain prior to transformation with a plasmid the toxic 

gene was placed under the control of the ! cI857 temperature-sensitive repressor (1.7.1.1.2). 

The RNAII cassette from the oriSELECT plasmid pICRL as described in chapter 3 was used. 

The chromosomal integration locus selected was between the fre and fadA genes, as there is a 

gap of 381 bp between these genes in the E. coli chromosome (Figure 4.4). The 

chloramphenicol-resistance gene was used for selection following integration. The 

chloramphenicol-resistance gene was flanked by dif sites for excision by Xer-cise to remove the 

selectable marker from the construct (1.7.3.3).  

The 2.7 kb Toxin oriSELECT construct needed to be built from six parts: the left-hand homology 

to the fre gene; the chloramphenicol-resistance gene flanked by dif sites; the cI857 repressor 

and PR promoter; the oriSELECT cassette; the ccdB toxin gene and the right-hand homology to 

the fadA gene (Figure 4.5). These parts were then sequentially joined together by restriction 

digests and ligations. 
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Figure 4.4 – Position of the fre-fadA insertion locus on the E. coli chromosome. 

Figure 4.5 – Diagram of the overall Toxin oriSELECT construct (not to scale). 
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4.3.2 Experimental 

4.3.2.1 PCR 

Primers were designed to amplify each of the parts. Primers have a minimum of 17 bp 

homology to the region to be amplified and at their 5’ end contain recognition sites for restriction 

enzymes suitable for subsequent cloning. 

The left-hand homology to the fre gene was amplified by colony PCR from E. coli DH1 using the 

primers 101F and 101Rv2. The PCR was run for 30 cycles of 98oC, 30 seconds (first cycle 

only); 98oC, 10 seconds; 62oC, 30 seconds; 72oC, 30 seconds; 72oC, 10 minutes (last cycle 

only). PCR resulted in a product of 732 bp. 

The cassette containing the chloramphenicol-resistance gene flanked by dif sites was amplified 

using primers 102F and 102R, from the oriSELECT plasmid pICRL. The PCR was run for 30 

cycles of 98oC, 3 minutes (first cycle only); 98oC, 10 seconds; 65oC, 30 seconds; 72oC, 30 

seconds; 72oC, 10 minutes (last cycle only). PCR resulted in a product of 1,043 bp. 

The cI857 repressor and PR promoter cassette was amplified, using primers 103F and 103R, 

from ! DNA (Fermentas). The PCR was run for 30 cycles of 98oC, 3 minutes (first cycle only); 

98oC, 10 seconds; 62.5oC, 30 seconds; 72oC, 15 seconds; 72oC, 10 minutes (last cycle only). 

PCR resulted in a product of 880 bp. 

The RNAII-RBS cassette was amplified, using primers 104F and 104Rv2, from the oriSELECT 

plasmid pICRL. The PCR was run for 30 cycles of 98oC, 30 seconds (first cycle only); 98oC, 10 

seconds; 62oC, 30 seconds; 72oC, 15 seconds; 72oC, 10 minutes (last cycle only). PCR resulted 

in a product of 160 bp. 

The ccdB toxin gene was amplified using primers 105F and 105R from the pCR-BluntII-TOPO 

cloning vector. The PCR was run for 30 cycles of 98oC, 3 minutes (first cycle only); 98oC, 10 

seconds; 62oC, 30 seconds; 72oC, 15 seconds; 72oC, 10 minutes (last cycle only). PCR resulted 

in a product of 318 bp. 
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The right-hand homology to the fadA gene was amplified using primers 106F and 106Rv2 by 

colony PCR from E. coli DH1. The PCR was run for 30 cycles of 98oC, 30 seconds (first cycle 

only); 98oC, 10 seconds; 64oC, 30 seconds; 72oC, 30 seconds; 72oC, 10 minutes (last cycle 

only). PCR resulted in a product of 822 bp. 

All PCR products were verified by agarose gel electrophoresis to check for a product of the 

correct size (results not shown). 

4.3.2.2 Blunt-end cloning of PCR products 

PCR using Phusion DNA polymerase produced blunt-end PCR products. These PCR products 

were subsequently cloned into pCR-BluntII-TOPO and transformed into E. coli TOP10 

competent cells. Plasmids containing an insert were verified by restriction mapping and DNA 

sequencing with the M13 primers (results not shown). 

Clones without mutations that were used in later experiments were: pTOPO.101v2A (4,251 bp); 

pTOPO.102.B (4,562 bp); pTOPO.103.B (4,399 bp); pTOPO.104v2.A (3,679 bp); pTOPO.105.N 

(3,837 bp) and pTOPO.106v2.B (4,341 bp). 

A diagram demonstrating the overall construction of the Toxin oriSELECT cassette is shown in 

Figure 4.6. 
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Figure 4.6 - Diagram of the construction of the Toxin oriSELECT cassette. The PCR products 

were cloned into pCR-BluntII-TOPO. The cassette from pTOPO.102 was ligated into 

pTOPO.101 to produce pTOPO.107. The cassette from pTOPO.107 was then ligated into 

pTOPO.103 to produce pTOPO.115. The cassette from pTOPO.115 was then ligated into 

pTOPO.104 to produce pTOPO.120. The cassette from pTOPO.106 was ligated into 

pTOPO.105 to produce pTOPO.128. The cassette from pTOPO.120 was finally ligated into 

pTOPO.128 to produce the plasmid pTox, which contains the complete Toxin oriSELECT 

construct. 
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4.3.2.3 Ligation of chloramphenicol-resistance cassette with left-hand homology 

The 1,037 bp chloramphenicol-resistance cassette from pTOPO.102B was ligated into the 

plasmid pTOPO.101v2A containing the left-hand fre homology cassette. Digestion of 

pTOPO.101v2A with AgeI in NEBuffer 1 resulted in the linearised vector of 4,251 bp. Digestion 

of pTOPO.102B with AgeI resulted in two fragments of 3,525 bp and 1,037 bp. The vector 

pTOPO.101v2A was purified using the Qiagen PCR purification kit and the products from the 

digestion of pTOPO.102B were separated by agarose gel electrophoresis and the 1,037 bp 

band was purified by gel extraction. The chloramphenicol-resistance cassette from 

pTOPO.102B was ligated into pTOPO.101v2A. The ligation was transformed into NEB 5-alpha 

competent E. coli cells. Following transformation resulting colonies were screened to check for 

the insert. This was done by picking several colonies and growing them overnight in selective 

NB2. The following day plasmid DNA was extracted using the Qiagen Miniprep kit. Purified 

plasmid DNA was digested with EcoRI and the products of the digestion separated by agarose 

gel electrophoresis (results not shown). Successful ligation resulted in the 5,288 bp plasmid 

pTOPO.107. Digestion of pTOPO.107 resulted in three bands of: 3,501 bp; 1,292 bp and 495 

bp. Plasmid DNA that appeared the correct size by gel analysis was also sent for DNA 

sequencing to confirm the product of the ligation and to check for the absence of mutations. 

DNA sequencing with the M13 primers confirmed that clone pTOPO.107Q was a vector free 

from mutations, resulting from the ligation of the left-hand homology and chloramphenicol-

resistance cassettes (results not shown). 

4.3.2.4 Ligation of ! cI857 cassette into pTOPO.107 

The next stage ligated the cassettes containing the left-hand homology and chloramphenicol-

resistance gene, from pTOPO.107Q into the plasmid pTOPO.103B (containing the cI857 

repressor and PR promoter). Digestion of pTOPO.107Q with the restriction enzymes XhoI and 

MfeI, in NEBuffer 4 and BSA, resulted in two fragments of 3,484 bp and 1,804 bp. Digestion of 

pTOPO.103B with the same enzymes resulted in two fragments of 4,319 bp and 80 bp. The 

products from the digestion were separated by agarose gel electrophoresis. The 1,804 bp 

fragment from the pTOPO.107Q digestion and the 4,319 bp fragment from the pTOPO.103B 

digestion were both purified from the gel. The cassette from pTOPO.107Q was ligated into 

pTOPO.103B. The ligation was transformed into NEB 5-alpha competent E. coli cells. Following 
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transformation resulting colonies were screened to check for the insert. This was done by 

picking several colonies and growing them overnight in selective NB2. The following day 

plasmid DNA was extracted and purified plasmid DNA was digested with EcoRI. The products 

of the digestion were separated by agarose gel electrophoresis (results not shown). Successful 

ligation resulted in the 6,131 bp plasmid pTOPO.115. Digestion of pTOPO.115 resulted in three 

bands of: 3,501 bp, 1,338 bp and 1,292 bp. Plasmid DNA that appeared the correct size by gel 

analysis was also sent for DNA sequencing with the M13 primers to confirm the product of the 

ligation and to check for the absence of mutations. Sequencing confirmed that clone 

pTOPO.115.2 was a vector free from mutations, resulting from the ligation of the 

homology/resistance cassette with the repressor/promoter cassette (results not shown).  

4.3.2.5 Ligation of oriSELECT cassette into pTOPO.115 

The next stage ligated the 4,551 bp cassette from pTOPO.115.2 (comprised of the left-hand 

homology, chloramphenicol-resistance gene, cI857 repressor and PR promoter) into the plasmid 

pTOPO.104v2A (containing the RNAII sequence and RBS from pICRL). Digestion of 

pTOPO.115.2 with the restriction enzymes AatII and PacI, in NEBuffer 4 and BSA, resulted in 

two fragments of 4,555 bp and 1,576 bp. Digestion of pTOPO.104v2A with these enzymes 

resulted in two fragments of 1,703 bp and 1,976 bp. The products from the digestion were 

separated by agarose gel electrophoresis. The 4,555 bp fragment from the pTOPO.115.2 

digestion and the 1,703 bp fragment from the pTOPO.104v2A digestion were purified by gel 

extraction and ligated together. The ligation was transformed into NEB 5-alpha competent E. 

coli cells and resulting colonies were screened to check for the insert. This was done by picking 

several colonies and growing them overnight in selective NB2. The following day plasmid DNA 

was purified and digested with the restriction endonuclease EcoRI and the products of the 

digestion were separated by gel electrophoresis (results not shown). Successful ligation 

resulted in the 6,258 bp plasmid pTOPO.120.  

Digestion of pTOPO.120 resulted in three fragments of: 3,501 bp, 1,465 bp and 1,292 bp. 

Plasmid DNA that appeared the correct size by gel analysis was also sent for DNA sequencing 

with the M13 primers to confirm the product of the ligation and to check for the absence of 

mutations. Sequencing confirmed that clone pTOPO.120.5 was a vector free from mutations 



 139 

resulting from the ligation of the homology/resistance/repressor cassette with the oriSELECT 

cassette from pICRL (results not shown). 

4.3.2.6 Ligation of the ccdB toxic gene into pTOPO.120 

The next stage was to ligate the 2,780 bp cassette (comprised of the left-hand homology, 

chloramphenicol-resistance gene, cI857 repressor and PR promoter and oriSELECT cassette) 

from pTOPO.120.5 into the plasmid pTOPO.105N (containing the ccdB toxic gene). Digestion of 

pTOPO.105N with the restriction enzymes AccI and XbaI, in NEBuffer 4 and BSA, resulted in 

two fragments of 3,780 bp and 57 bp. The product of pTOPO.105N digestion was purified using 

a spin column assembly. Double digestion of pTOPO.120.5 with AccI and XbaI resulted in three 

fragments of 3,468 bp, 2,458 bp and 332 bp as there is an AccI recognition site within the left-

hand homology sequence. Partial digestion resulted in a band of 2,780 bp. Following digestion 

the products were separated out by agarose gel electrophoresis and the 2,780 bp band was 

purified by gel extraction. The cassette from pTOPO.120.5 was ligated into pTOPO.105N. The 

ligation was then transformed into NEB 5-alpha competent E. coli cells. To prevent toxic gene 

expression cells were grown at 30oC. Transformation resulted in no colonies. This could have 

been due to the ligation not working, poor transformation efficiency or leaky expression of the 

toxic gene killing the cells. 

4.3.2.7 Ligation of right-hand homology into pTOPO.105 

The 877 bp right-hand homology cassette from pTOPO.106v2.B was ligated into the plasmid 

pTOPO.105N (containing the ccdB toxin gene) following digestion of both the vector and insert 

with the enzymes NdeI and HindIII in NEBuffer 2. Digestion of pTOPO.105 resulted in two 

fragments of 3,776 bp and 61 bp. Digestion of pTOPO.106v2.B resulted in two fragments of 

3,464 bp and 877 bp. Following pTOPO.105N digestion, DNA was purified using the Qiagen 

PCR purification kit. To prevent religation the DNA was dephosphorylated using Antarctic 

Phosphatase. The products from the digestion of pTOPO.106v2.B were separated by agarose 

gel electrophoresis and the 877 bp band purified by gel extraction. The right-hand homology 

cassette was ligated into the vector. The ligation was transformed into competent TOP10 F’ E. 

coli cells. E. coli TOP10 F’ cells were used as the F plasmid contains the ccd operon, so 

produces the CcdA antitoxin. Therefore, if there was any leaky toxic gene expression it should 

not kill the cells. Even though this is not expected to be a problem as pTOPO.105 grew without 
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any problems. Following transformation, resulting colonies were screened to check for the 

insert. This was done by picking several colonies and growing them overnight in selective NB2. 

The following day plasmid DNA was extracted and digested with EcoRI and the products of the 

digestion separated by agarose gel electrophoresis (results not shown). Successful ligation 

resulted in the 4,653 bp plasmid pTOPO.128. Digestion of pTOPO.128 resulted in two bands of: 

3,501 bp and 1,152 bp. Plasmid DNA that appeared the correct size by gel analysis was also 

sent for DNA sequencing with the M13 primers to confirm the product of the ligation and to 

check for the absence of mutations. Sequencing confirmed that clone pTOPO.128.1 was a 

vector free from mutations, resulting from the ligation of the ccdB toxic gene and the right-hand 

homology cassette. 

4.3.2.8 Checking for ccdB expression 

pTOPO.105N and pTOPO.128.1 were cloned into E. coli TOP10 F’ cells, as it was hypothesised 

that if there was any weak expression of the ccdB toxic gene the ccdA antidote expressed from 

the F plasmid would inhibit the toxin and thus prevent cell death. To assess whether or not this 

was the case a colony formation assay was performed. Comparisons were made between 

growth of strains pTOPO.105N containing the ccdB toxic gene and pTOPO.106v2.B without the 

toxic gene in E. coli host strains TOP10 and TOP10 F’.   

5 ml cultures of the strains E. coli TOP10 (pTOPO.105N); E. coli TOP10 (pTOPO.106v2.B); E. 

coli TOP10 F’ (pTOPO.105N) and E. coli TOP10 F’ (pTOPO.106v2.B) were grown overnight 

with the appropriate antibiotic. The following day the OD600 was measured. Equal amounts of 

cells from the overnight cultures were used to inoculate 5 ml fresh medium in triplicate. Cultures 

were incubated at 37oC for 8 hours. Following incubation serial dilutions of the cells were 

performed in dH2O and 100 &L of the 10-6 and 10-7 dilutions were spread on selective agar 

plates. Plates were incubated overnight at 37oC and the following day, the number of colonies 

were counted (Table 4.1).  

As the OD600 value for E. coli TOP10 F’ (pTOPO.105N) b and c were the same it was assumed 

that the excessive number of colonies on the E. coli TOP10 F’ (pTOPO.105N) plates were due 

to a pipetting error in the serial dilution or the wrong dilution being plated. Therefore, the results 

from these plates were not counted. The mean number of bacteria in each of the four cultures 

was calculated (Table 4.2) and plotted on a graph (Figure 4.7). 
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ANOVA analysis of the results (by SPSS, using a Tukeys post-hoc test) showed no significant 

difference between E. coli TOP10 strains containing the plasmids (pTOPO.105N) or 

(pTOPO.106v2.B). Likewise there was no significant difference between E. coli TOP10 F’ 

strains containing the plasmids (pTOPO.105N) and (pTOPO.106v2.B). This shows that the toxic 

gene is not being expressed. There is however a significant difference (p<0.05) between E. coli 

TOP10 (pTOPO.105N) and E. coli TOP10 F’ (pTOPO.105N); also between, E. coli TOP10 

(pTOPO.106v2.B) and E. coli TOP10 F’ (pTOPO.106v2.B). This difference is likely due to the 

additional metabolic burden of the F plasmid in these strains.  
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Strain Number of colonies 

 10-6 10-7 

E. coli TOP10 (pTOPO.105N) a 249 29 

E. coli TOP10 (pTOPO.105N) b 360 33 

E. coli TOP10 (pTOPO.105N) c 260 13 

E. coli TOP10 (pTOPO.106v2.B) a 223 18 

E. coli TOP10 (pTOPO.106v2.B) b 210 31 

E. coli TOP10 (pTOPO.106v2.B) c 185 27 

E. coli TOP10 F’ (pTOPO.105N) a 96 15 

E. coli TOP10 F’ (pTOPO.105N) b 120 15 

E. coli TOP10 F’ (pTOPO.105N) c lawn 438 

E. coli TOP10 F’ (pTOPO.106v2.B) a 28 3 

E. coli TOP10 F’ (pTOPO.106v2.B) b 10 5 

E. coli TOP10 F’ (pTOPO.106v2.B) c 29 16 

 

Strain Mean Standard Deviation 

TOP10 (pTOPO.105.N) 278,000,000 63,800,000 

TOP10 (pTOPO.106v2.B) 230,000,000 59,000,000 

TOP10 F' (pTOPO.105.N) 129,000,000 26,200,000 

TOP10 F' (pTOPO.106v2.B) 51,200,000 54,800,000 

 

Table 4.1 – Colony count of plates from serial dilutions.  

Table 4.2 – Mean number of colonies for each strain. 

Figure 4.7 – Bar chart representing the mean number of bacteria in each of the four cultures. 

Error bars represent the standard deviation. 



 143 

4.3.2.9 Ligation of the cassette from pTOPO.120 into the vector pTOPO.128 

The final ligation to join the cassette from pTOPO.120.5 into the pTOPO.128.1 vector places the 

ccdB toxic gene under the control of the PR promoter and cI857 repressor. Growth at 30oC 

should repress expression from this promoter. If the cassette is not functioning as expected or 

the system is slightly leaky toxic gene expression would lead to cell death. This is not expected 

to occur while this construct is in the TOPO vector as the TOPO vector has the same origin as 

pUC19 so produces RNAI, which should also act to inhibit toxin production by oriSELECT. 

Maintenance of the plasmid in TOPO10 F’ cells is an added precaution to eliminate the 

presence of the toxin. This ligation was first attempted by digestion of both the vector and insert 

with the single enzyme AccI in NEBuffer 4. Digestion of pTOPO.128.1 resulted in the linearised 

vector of 4,653 bp, which was purified using the Qiagen PCR purification kit. To prevent 

religation the DNA was dephosphorylated using Antarctic Phosphatase. Digestion of 

pTOPO.120.5 resulted in two fragments of 3,800 bp and 2,458 bp. The products from this 

digestion were separated by agarose gel electrophoresis and the 2,458 bp band was purified 

from the gel (Figure 4.8). 

Ligation could result in a vector with the insert in either orientation. Screening of the colonies 

would be required to identify the desired construct. The ligated DNA was transformed into 

competent TOP10 F’ E. coli cells and incubated at 30oC. No colonies were obtained following 

transformation. This was likely due to the low concentration of DNA used. The AccI digest was 

not working very efficiently so there was not a high enough concentration of the insert fragment 

to purify by gel extraction. Additionally, due to the small difference in size between the 

undigested and digested plasmid there would be insufficient separation on the gel so 

undigested plasmid would be contaminating the sample of digested vector following gel 

extraction. In an attempt to solve this problem the cloning strategy was redesigned. The AccI 

site at the junction between the oriSELECT cassette and the toxin gene was changed to a 

Bsu36I restriction site, which is not present in either pTOPO.120 or pTOPO.128. The 

redesigned cloning strategy would mean the insert would be ligated directionally into the vector, 

which would save having to screen many colonies to identify clones with the insert in the correct 

orientation.  
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Figure 4.8 – Agarose gel of products from digestion of plasmid DNAs. Lane 1: HyperLadder I. 

Lane 2: undigested pTOPO.128. Lane 3: AccI digested pTOPO.128. Lane 4: undigested 

pTOPO.120. Lane 5: AccI digested pTOPO.120. 
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New primers were designed to amplify the cassettes from pTOPO.120 and pTOPO.128 

exchanging the AccI site for a Bsu36I restriction site. The cassette from pTOPO.120 was 

amplified by PCR using the primers 101F and 104Rv3. The cycling conditions used were: 30 

cycles of 98oC, 30 seconds (first cycle only); 98oC, 10 seconds; 62oC, 30 seconds; 72oC, 1 

minute 30 seconds; 72oC, 10 minutes (last cycle only). PCR resulted in a product of 2,746 bp. 

The cassette from pTOPO.128 was amplified by PCR using the primers 105Fv2 and 106Rv2. 

The cycling conditions used were: 30 cycles of 98oC, 30 seconds (first cycle only); 98oC, 10 

seconds; 62oC, 30 seconds; 72oC, 1 minute; 72oC, 10 minutes (last cycle only). PCR resulted in 

a product of 1,141 bp. The products of these PCR reactions were analysed by agarose gel 

electrophoresis (Figure 4.9). There were three bands visible in lane 2 of the gel. The top band 

corresponds to the template plasmid DNA. The next band down, the brightest band is the 

desired PCR product. The lowest band is the size expected from amplification from a plasmid 

that had undergone Xer-cise and lost the chloramphenicol-resistance gene.  

These PCR products were cloned into the TOPO vector. DNA sequencing with the M13 primers 

confirmed the presence of the Bsu36I restriction site in clones pTOPO.120v2.A2 and 

pTOPO.128v2.B2. Digestion of the 6,265 bp plasmid pTOPO.120v2.A2 with the restriction 

enzymes XhoI and Bsu36I, in NEBuffer 3 and BSA, resulted in two fragments of 3,265 bp and 

2,775 bp. Digestion of pTOPO.128v2.B2 plasmid DNA with the same enzymes resulted in two 

fragments of 4,605 bp and 48 bp. The products from the digestion of pTOPO.120v2.A2 were 

separated by agarose gel electrophoresis (Figure 4.10) and the 2,775 bp fragment was purified 

by gel extraction. The product of pTOPO.128v2.B2 digestion was purified by PCR purification. 

Looking at the gel the digestion of pTOPO.120 has worked very efficiently. It appears that the 

double digest of pTOPO.128 has not worked very well. However, as it is not possible to see the 

48 bp band on the gel and considering the enzymes are working efficiently on the other 

template it is assumed that this digestion has worked sufficiently. 
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Figure 4.9 – Gel of PCR products from amplification to incorporate new restriction sites. Lane 1: 

HyperLadder I. Lane 2: PCR product resulting from amplification of pTOPO.120 with 101F and 

104Rv3. Lane 3: PCR product resulting from amplification of pTOPO.128 with 105Fv2 and 

106Rv2. 

Figure 4.10 – Agarose gel of products from digestion of plasmid DNAs. Lane 1: HyperLadder I. 

Lane 2: undigested pTOPO.120. Lane 3: Bsu36I digested pTOPO.120. Lane 4: XhoI digested 

pTOPO.120. Lane 5: Bsu36I/XhoI digested pTOPO.120. Lane 6: undigested pTOPO.128. Lane 

7: Bsu36I digested pTOPO.128. Lane 8: XhoI digested pTOPO.128. Lane 9: Bsu36I/XhoI 

digested pTOPO.128. 
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The cassette from pTOPO.120v2.A2 was ligated into pTOPO.128v2.B2 and the ligation was 

transformed into the ccdB resistant strain one-shot® ccdB survival 2 T1R chemically competent 

cells (Invitrogen). This strain has a point mutation in the gene encoding DNA gyrase that makes 

it resistant to the ccdB toxin. Transformation resulted in no colonies. The ligation was also 

transformed into XL-10 KanR ultracompetent cells (Stratagene), which have a higher 

transformation efficiency. Recovery was at 30oC to repress toxic gene expression. Following 

transformation resulting colonies were screened to check for the insert. Successful ligation 

resulted in the 7,387 bp plasmid pTox, which was digested by EcoRI resulting in three 

fragments of 3,501 bp, 2,594 bp and 1,292 bp. The sequence of the pTox plasmid is given in 

appendix E. Clones that appeared the correct size by gel electrophoresis were: pTox.2, pTox.8 

and pTox.12 (Figure 4.11). pTox.5 and p.Tox.9 appear to have bands of the correct sizes but 

are contaminated with higher molecular weight bands that could be genomic DNA, so these will 

not be used.  
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Figure 4.11 – Agarose gel of products from EcoRI digestion to screen for the pTox plasmid. Lane 

1: HyperLadder I. Lane 2: pTox.2. Lane 3: pTox.5. Lane 4: pTox.8. Lane 5: pTox.9. Lane 6: 

pTox.12. 
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4.3.2.10 Fusion PCR 

In parallel to using ligation to create the Toxin oriSELECT cassette, the cassette was also 

assembled using Fusion PCR. The Fusion PCR reaction produces a linear double-stranded 

DNA product, which can then be used directly as the template for recombineering. The cassette 

from pTOPO.120 was prepared by PCR using primers 101F and 501R, resulting in a 2,754 bp 

product. The PCR was run for 30 cycles of 98oC, 30 seconds (first cycle only); 98oC, 10 

seconds; 64oC, 30 seconds; 72oC, 1 minute; 72oC, 10 minutes (last cycle only). The cassette 

from pTOPO.128 was prepared by PCR using primers 502F and 106Rv2 resulting in a product 

of 1,147 bp. The cycling conditions used were: 30 cycles of 98oC, 30 seconds (first cycle only); 

98oC, 10 seconds; 61oC, 30 seconds; 72oC, 30 seconds; 72oC, 10 minutes (last cycle only). The 

PCR products were purified by gel extraction. 1 µL of each purified PCR product was used as 

the template in the Fusion PCR reaction. Fusion PCR was carried out using primers 504F and 

504R in a touchdown PCR reaction as described in 2.4.2. The product of the reaction was run 

on an agarose gel (Figure 4.12). 

4.3.3 Chromosomal integration of Toxin oriSELECT cassette 

The linear DNA toxic cassette for !-Red recombination was amplified by colony PCR using 

primers 101F and 106Rv2. The products of the PCR reaction were separated by agarose gel 

electrophoresis (Figure 4.12). PCR of wild-type E. coli resulted in amplification of 1,897 bp of 

the fre-fadA locus of the chromosome. Amplification of the cassette from the pTox plasmid 

resulted in a band corresponding to the expected size of 3,827 bp. The uppermost band visible 

in lane three corresponds to the plasmid DNA. This band is not visible in lane 4 due to dilution 

of plasmid template.  

The band corresponding to the Toxin oriSELECT cassette was extracted from the gel and the 

product from the gel extraction was used as the template for another round of PCR this time 

using nested primers 504F and 504R. Following PCR, DpnI was added to the reaction tube to 

remove any residual template plasmid DNA. The product was purified and checked on a gel 

(Figure 4.13). 
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Figure 4.12 – Agarose gel of products from amplification of the linear DNA cassette for !-Red 

recombination. Lane 1: HyperLadder I. Lane 2: DH1 control. Lane 3: undiluted pTox. Lane 4: 

diluted pTox template. Lane 5: Fusion PCR product. 

Figure 4.13 – Agarose gel of PCR product of linear DNA cassette for !-Red recombination. 
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The purified linear PCR product was transformed into both DH1 (pLGBE) and JM108 (pLGBE) 

chemically competent cells that had been induced with 0.2% L-arabinose prior to being made 

competent. The cells were left to recover overnight in 5 ml NB2 without selection at 28oC before 

plating on 10 &g/ml chloramphenicol agar. Plates were incubated on the bench for two days. No 

colonies were observed on the plates. 

It was not known whether the problems in trying to construct the Toxin oriSELECT strain were 

due to some problem with recombineering—such as the efficiency of the competent cells or the 

induction of the !-Red functions from the pLGBE plasmid—or whether there was leaky 

expression of the CcdB toxin that was killing cells that had successfully integrated the cassette. 

If expression from the PR promoter is not completely repressed at 30oC then small amounts of 

leaky expression of the ccdB toxic gene could result in cell death resulting in no colonies 

observed following !-Red recombination. Integration of the Toxin oriSELECT into the ccdB 

resistant strain, ccdB Survival 2 T1R, would serve as a control for the recombineering step as if 

the cassette is successfully integrated into the ccdB resistant strain but not the E. coli strain 

sensitive to the effects of the toxin we might assume there is a possible problem with the 

cassette. The ccdB survival strain was transformed with the !-Red plasmid. These cells will be 

referred to as ccdBR (pLGBE). The !-Red genes were induced and electrocompetent cells were 

made. For recombineering the linear DNA cassette was transformed into ccdBR (pLGBE) cells 

by electroporation following the same protocol as before.  

The !-Red recombination experiment was repeated with modifications to the protocol. To 

reduce the likelihood of the pTox plasmid being transformed into cells giving false positive 

results the pTox plasmid was first digested with the restriction endonuclease PstI. The 

linearised plasmid was then used as the template in the PCR reaction with primers 504F and 

504R. The PCR product was digested with DpnI prior to purification. This linear DNA cassette 

was transformed by electroporation into both DH1 (pLGBEK) and ccdBR (pLGBE) 

electrocompetent cells. Cells were left to recover for four hours or overnight in NB2 

supplemented with 0.2% L-arabinose prior to plating on selective agar plates containing 10 

µg/ml chloramphenicol. 
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4.3.3.1 Screening 

4.3.3.1.1 Colony PCR 

Sixteen of the resulting colonies were picked and screened for chromosomal integration by 

colony PCR using primers 5201 and 3201. These primers amplify a region of 2,330 bp of the 

wild-type E. coli fre-fadA locus. PCR would yield a product of 4,300 bp if the cassette has been 

integrated. These primers should not amplify the pTox plasmid. PCR was performed with 

MyTaq DNA polymerase. Cycling conditions were: 95oC, 1 minute (first cycle only); 95oC, 15 

seconds; 55oC, 15 seconds; 72oC, 30 seconds; 72oC, 10 minutes (last cycle only). PCR 

products were analysed by agarose gel electrophoresis (Figure 4.14).  

All of the colonies screened by PCR resulted in an amplicon of just over 2 kb, which was the 

size of the wild-type so the cassette had not been integrated. However, these colonies are still 

chloramphenicol resistant. This could be due to several reasons. Firstly, a small amount of 

plasmid DNA that had not been digested could have been transformed into cells, giving rise to 

these colonies. Secondly, the chloramphenicol-resistance gene could have integrated into the 

E. coli genome at the naturally occurring dif site in the replication terminus region of the 

chromosome. Thirdly, the Toxin oriSELECT could have inserted into another region of the 

genome. This third option would still produce a useful Toxin oriSELECT strain as the position 

where the cassette is integrated is not important.  
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Figure 4.14 – Agarose gel of PCR products from colony PCR to check for integration of the 

Toxin oriSELECT cassette into the ccdB survival strain. Lane 1: Kb DNA ladder. Lane 2: ccdBR 

control. Lanes 3-18: colonies 1-16. Lane 19: ccdBR control. Lane 20: Kb DNA ladder. 
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4.3.3.1.2 Checking for the presence of the pTox plasmid 

To check whether or not the chloramphenicol resistance was due to the presence of the pTox 

plasmid DNA colonies were picked and replica plated on chloramphenicol agar and kanamycin 

agar and incubated at 30oC overnight.  

The majority of clones tested grew on both plates so were resistant to both kanamycin and 

chloramphenicol. This could be due to the presence of either the pTox or pLGBEK plasmid in the 

case of DH1 cells or due to the presence of the pTox plasmid in the case of ccdBR cells. Several 

colonies showed resistance to chloramphenicol, but were sensitive to kanamycin so did not 

contain either plasmid (Figure 4.15). Four of these chloramphenicol-resistant and kanamycin-

sensitive clones were subjected to further testing. Clones 108 and 119 were from E. coli DH1 

and 164 and 166 were from the ccdBR strain. 

The absence of any plasmid in these four strains was confirmed by growing these clones 

overnight and performing a miniprep and running the product on the gel (results not shown). No 

DNA was yielded from the plasmid DNA extraction, which confirms that these cells did not 

contain a plasmid. 
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Figure 4.15 – Photo of agar plates following replica plating of colonies. Left: chloramphenicol 

agar. Right: kanamycin agar. 
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4.3.3.1.3 Checking for toxin production 

If the Toxin oriSELECT cassette had been integrated at a random locus in the E. coli genome 

then it could be tested for toxic gene expression at 42oC. 50 µL of an overnight culture was 

inoculated into 5 ml NB2 containing 20 µg/ml chloramphenicol and grown at 42oC for 6 hours. 

Following this the OD600 was measured (Table 4.3). 

Strain OD600 

Tox.108 (37oC) 1.730 

Tox.108 (42oC) 1.518 

Tox.119 (42oC) 1.640 

Tox.164 (42oC) 1.182 

Tox.166 (42oC) 0.436 

 

It was expected that there would be no cell growth at this temperature if the Toxin oriSELECT 

cassette had integrated into the genome and was working as predicted. However, this was not 

the case. Clone 166 had a low OD600 but this is a ccdBR strain, so even if it had the toxin 

cassette integrated ccdB expression should not result in cell death. The rest of the clones grew 

fine so it appears that either the cassette had not been integrated or if it had it does not function 

as predicted.  

4.3.3.1.4 Checking for the presence of the Toxin oriSELECT cassette 

To check for the presence of the Toxin oriSELECT cassette colony PCR was performed using 

primers 103F and 105R that amplify the region of the Toxin oriSELECT cassette from the cI857 

repressor to the toxic gene. The PCR was run for 30 cycles of: 98oC, 30 seconds (first cycle 

only); 98oC, 10 seconds; 63oC, 30 seconds; 72oC, 30 seconds; 72oC, 10 minutes (last cycle 

only). The pTox plasmid was used as the positive control and wild-type E. coli DH1 was used as 

the negative control. The PCR products were analysed by agarose gel electrophoresis (results 

not shown). The positive control showed amplification of a fragment of approximately 1.2 kb. 

The negative control and the four clones tested showed no amplification. From this it was 

concluded that the Toxin oriSELECT cassette had not been inserted elsewhere in the genome. 

Table 4.3 – Absorbance reading at 600 nm for the strains that potentially contained the Toxin 

oriSELECT cassette grown at 42oC. 
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4.3.3.1.5 Checking for insertion in the E. coli dif locus 

PCR was used to check for integration of the chloramphenicol-resistance gene into the dif locus 

using the primers dif locus 5’ and dif locus 3’ that amplify 263 bp of genomic DNA surrounding 

the dif locus. The PCR was run for 30 cycles of: 98oC, 30 seconds (first cycle only); 98oC, 10 

seconds; 62oC, 30 seconds; 72oC, 30 seconds; 72oC, 10 minutes (last cycle only). The PCR 

products were analysed by agarose gel electrophoresis (Figure 4.16). The band at 263 bp 

corresponds to the wild-type dif locus. The band at 1.2 kb corresponds with the expected size if 

the cat gene had been integrated at the dif locus. This band was cut from the gel and the DNA 

extracted and sent for DNA sequencing. The sequencing results were the same for the four 

clones tested. The chloramphenicol-resistance gene had integrated at the dif locus. 
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Figure 4.16 – Agarose gel of PCR products from amplification of dif locus. Lane 1: HyperLadder 

I. Lane 2: DH1 control. Lane 3: Tox.108. Lane 4: Tox.119. Lane 5: Tox.164. Lane 6: Tox.166. 
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4.3.4 Discussion 

Construction of the Toxin oriSELECT cassette on the pTox plasmid was quite time consuming 

and required a lot of troubleshooting and optimisation of the ligation at each of the stages. Once 

the plasmid was constructed the next hurdle was the integration of the cassette into the E. coli 

genome. Screening of colonies following !-Red recombination showed that the false positives 

were either due to transformation with the pTox plasmid that had not been eliminated by 

digestion or integration of the chloramphenicol-resistance gene into the E. coli dif locus by 

intermolecular recombination. The protocol had already been modified to try and eliminate the 

presence of the pTox plasmid by linearisation of the plasmid used as a template in the PCR 

reaction and by DpnI digestion of the PCR product. However, this appears not to have worked 

very efficiently. Purification by gel extraction could have also been used instead of PCR 

purification. However, this reduces the yield of DNA and previously had not worked to eliminate 

undigested plasmid DNA.  

The mechanism of how the chloramphenicol-resistance gene was integrated into the E. coli dif 

locus is not fully understood. Intermolecular recombination would result in the integration of the 

entire plasmid DNA molecule. However, DNA sequencing revealed the resistance gene 

adjacent to a single dif site with no plasmid backbone sequences. An alternative mechanism 

would be if first there was intramolecular recombination between the two dif sites on the 

plasmid. This would result in the plasmid molecule being split in two. One of these molecules 

would be a DNA molecule containing just the cat gene and a single dif site. Intermolecular 

recombination between this dif site and the chromosomal dif site could result in the cassette 

seen as demonstrated in Figure 4.17. This model is the more likely option, as recombination at 

dif is preferentially intramolecular and the product hypothesised to result from this scenario 

matches what was seen by sequence analysis.  

The simplest solution to eliminate the problem of integration of the resistance gene into the 

chromosomal dif locus would be to use an antibiotic-resistance gene that is not flanked by dif 

sites for selection. Obviously this will produce a strain that contains an antibiotic-resistance 

gene, which goes against the overall aims of the project. However, this would simplify the 

construction of the strain and allow initial testing of the construct to check it works as intended. 

Following this, the strain would need to be reconstructed to remove the resistance gene before 

use in the biopharmaceutical industry.  
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Once the ccdB Toxin oriSELECT strain had been made the initial experiments would have been 

to test whether toxin expression at 37oC would cause cell death. If this was successful 

competent cells would have been made and the strain would have been transformed with a 

plasmid with the pMB1 replicon to test whether the strain will allow plasmid selection by 

oriSELECT.  
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Figure 4.17 – Diagram demonstrating the proposed mechanism for insertion of chloramphenicol-

resistance gene into chromosomal dif locus. Intramolecular recombination between the two dif 

sites on the plasmid result in the pTox plasmid with the resistance gene removed and a small 

circular DNA containing the chloramphenicol-resistance (cat) gene and a single dif site. 

Intermolecular recombination between this dif site and the dif site on the E. coli chromosome 

result in insertion of the cat gene at the dif locus. 
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5 Design and construction of a Repressor oriSELECT strain for 

antibiotic-free plasmid selection 
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5.1 Preface 

The aim of this chapter was to design and construct a strain for antibiotic-free plasmid selection 

by Repressor oriSELECT. The mechanism of how this construct was expected to function was 

described in 1.7.1.1. This chapter describes the design of Repressor oriSELECT constructs and 

the experiments performed in attempt to build these strains.  

5.2 Design 

Results from chapter 3 showed that using the lac repressor did not completely repress 

expression of a reporter gene so it is unlikely to be suitable for oriSELECT strains. The use of 

the mutated lac promoter, lacP2, was considered as it was used successfully in ORT strains. 

However, some initial work done at Cobra Biologics prior to the commencement of this work 

had shown that this did not create a functional oriSELECT system. The tet repressor is known 

to have tight control and current work at Cobra Biologics is looking at replacing the lac repressor 

with the tet repressor in ORT strains. Therefore, this seemed like the sensible option to pursue. 

It was decided to test two different essential genes: dapD, which has been used in other 

methods for antibiotic-free plasmid selection and def, which is rapidly turned over in cells. These 

genes were described in 1.7.1.1.1. 

The Repressor oriSELECT construct was designed to contain the essential gene under the 

control of the TetA promoter. The TetA promoter in turn is under the control of the tet repressor, 

which is downstream of the RNAII oriSELECT cassette. 

5.3 Repressor oriSELECT using the T1 mutant promoter 

5.3.1 Design of Repressor oriSELECT cassette 

In an attempt to simplify the cloning procedure ORT plasmids supplied by Cobra Biologics were 

modified for oriSELECT. These plasmids contained the tet repressor controlling expression of 

the essential gene from the mutant TetA promoter, which has a C to T transversion at the -31 

position. pMK-T1ORTdap contained homology for insertion into the dapD locus and pMA-

T1ORTdef contained homology for insertion into the def locus. 

To convert the ORT plasmids into plasmids useful for oriSELECT the cassette from pICRL 

comprising the promoter, RNAII sequence and RBS had to be inserted upstream of the gene 
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encoding the tet repressor. As there were no appropriate restriction sites in the vector at the 

position required for insertion of the oriSELECT cassette, unique restriction sites needed to be 

built in by PCR. An overview of the construction of the Repressor oriSELECT cassette is shown 

in Figure 5.1. 
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Figure 5.1 – An overview of the construction of the Repressor oriSELECT cassette. 
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5.3.2 Experimental 

5.3.2.1 Cloning of the ICRL oriSELECT cassette into the ORT vector 

Both the oriSELECT cassette and the ORT vector were amplified by PCR using primers that 

contained unique recognition sites for restriction enzymes at either end. The oriSELECT 

cassette from pICRL consisting of the promoter, RNAII sequence and RBS, was amplified by 

PCR using primers 302Fv2 and 302R resulting in a product of 200 bp. These primers 

incorporated an MfeI restriction site at the 5’ end and an XhoI restriction site at the 3’ end. The 

PCR was run for 30 cycles of: 98oC, 30 seconds (first cycle only); 98oC, 10 seconds; 61oC, 30 

seconds; 72oC, 15 seconds; 72oC, 10 minutes (last cycle only). The ORT vector was amplified 

with primers 301Fv2 and 301R to produce a linearised vector with the desired restriction sites at 

either end. The PCR was run for 30 cycles of: 98oC, 30 seconds (first cycle only); 98oC, 10 

seconds; 60oC, 30 seconds; 72oC, 2 minutes; 72oC, 10 minutes (last cycle only). PCR of the 

vector pMK-T1ORTdap resulted in a product of 4,674 bp and PCR of the vector pMA-T1ORTdef 

resulted in a product of 4,431 bp. The PCR products were digested with DpnI and run on an 

agarose gel to check from products of the correct size (Figure 5.2). 

The PCR products were purified and digested with the restriction endonucleases MfeI and XhoI 

in NEBuffer 4 and BSA. The products of digestion were purified and the oriSELECT cassette 

was ligated into the ORT vectors. The product of the ligation was then transformed into NEB 5-

alpha competent E. coli cells. Following transformation no colonies were observed on selective 

agar plates. This was likely due to inefficient digestion of the linear DNA PCR products, as 

restriction enzymes tend not to cut well close to the ends of linear DNA. Even though six 

nucleotides were incorporated on the primer after the restriction site this may not have been 

sufficient for efficient digestion.  

 

 

 

 

 

 



 167 

 

 

 

 

 

 

Figure 5.2 – Agarose gel of PCR products for construction of Repressor oriSELECT plasmids. 

Lane 1: HyperLadder I. Lane 2: PCR product from amplification of pICRL using primers 302Fv2 

and 302R. Lane 3: PCR product from amplification of pMK-T1ORTdap using primers 301Fv2 

and 301R. Lane 4: PCR product from amplification of pMA-T1ORTdef using primers 301Fv2 

and 301R. 
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Sub-cloning of the PCR products by blunt-end ligation would provide a method for monitoring 

the digestion. The PCR products could not be cloned into a TOPO cloning vector as XhoI, one 

of the restriction sites designed at the ends of the fragments for cloning was present in the 

multiple cloning site in the TOPO backbone. This would potentially lead to one of the sites not 

cutting very well and colonies would need to be screened by sequencing to ensure that they 

have been joined at the correct site. Instead, the PCR products were ligated using blunt-end 

cloning into pUC19/SmaI (Fermentas). This cloning reaction resulted in no colonies possibly 

due to poor transformation efficiency of the competent cells or a low concentration of DNA. 

5.3.2.2 Construction of Repressor oriSELECT cassettes by Gibson Assembly 

The oriSELECT cassette from pICRL was amplified by PCR using primers 401F and 401R. The 

PCR was run for 30 cycles of 98oC, 30 seconds (first cycle only); 98oC, 10 seconds; 61oC, 30 

seconds; 72oC, 15 seconds; 72oC, 10 minutes (last cycle only). PCR resulted in a product of 

209 bp. The two ORT vectors were amplified by PCR using primers 402F and 402R. The PCR 

was run for 30 cycles of 98oC, 30 seconds (first cycle only); 98oC, 10 seconds; 66oC, 30 

seconds; 72oC, 2 minutes; 72oC, 10 minutes (last cycle only). PCR of pMK-T1ORTdap resulted 

in a product of 4,660 bp and PCR of pMA-T1ORTdef resulted in a product of 4,415 bp. The 

PCR products were digested with DpnI to remove any template plasmid DNA. PCR products 

were then purified and checked by agarose gel electrophoresis (Figure 5.3).  
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Figure 5.3 – Agarose gel of template DNA for Gibson Assembly. Lane 1: HyperLadder I. Lane 2: 

PCR product from amplification of pICRL with primers 401F and 401R. Lane 3: PCR product 

from amplification of pMK-T1ORTdap using primers 402F and 402R. Lane 4: PCR product from 

amplification of pMA-T1ORTdef using primers 402F and 402R. 
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The assembly reactions were set up as described in section 2.4.3 and incubated for an hour at 

50oC. The product of the assembly reaction was transformed into E. coli TOP10 competent 

cells. No colonies were observed following transformation. 

It is likely that Gibson Assembly would not work in this case as the insert fragment is only 

around 200 bp which is the lowest limit for a fragment size. This limitation of fragment size is 

due to the high level of activity of the T5 exonuclease, which could result in complete 

degradation of the insert DNA fragment. 

5.3.2.3 RF cloning 

The oriSELECT cassette was prepared by PCR using primers 401F and 401R as described in 

section 5.3.2.2. This PCR product was then used as the primer to amplify the ORT vector in a 

second PCR reaction. The PCR was run for 10 cycles of 98oC, 30 seconds (first cycle only); 

98oC, 10 seconds; 55oC, 30 seconds; 72oC, 2 minutes followed by 20 cycles of 98oC, 10 

seconds; 72oC, 2 minutes; 72oC, 10 minutes (last cycle only). The PCR product was digested 

with DpnI and transformed into E. coli TOP10 competent cells. No colonies were observed on 

selective agar plates following transformation. The lack of colonies could have been due to a 

low concentration of DNA, poor transformation efficiency of the competent cells or the PCR 

product not being suitable as a primer.  

5.3.2.4 CPEC 

The vector was amplified by PCR using primers 402F and 402R and the insert was amplified 

with primers 401F and 401R as described in section 5.3.2.2. The purified PCR products were 

mixed with insert to vector ratios of 1:1 and 2:1. This mix was used as a template in a PCR 

reaction in the absence of primers. The PCR was run for 10 cycles of 98oC, 30 seconds (first 

cycle only); 98oC, 10 seconds; 55oC, 30 seconds; 72oC, 2 minutes 30 seconds; 72oC, 10 

minutes (last cycle only). The PCR product was transformed into XL-10 Gold KanR 

ultracompetent cells. No colonies were observed following transformation. The lack of colonies 

could have been due to a low concentration of DNA or the PCR product not being suitable as a 

primer.  
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5.3.3 Summary 

So far, the methods to construct the Repressor oriSELECT cassette had not been successful 

and further troubleshooting would be required to build these cassettes. At this point a new ORT 

vector, pMK22tORTdapD, was received from Cobra Biologics. This has a different mutant TetA 

promoter, which had been shown to have even tighter control. This will be used in future 

experiments.  

 

5.4 Repressor oriSELECT using the t22 mutant promoter 

5.4.1 Design of Repressor oriSELECT cassette 

The ORT vector pMK22tORTdapD differs from pMK-T1ORTdapD in the TetA promoter having a 

different mutation, which was described in 1.7.1.1.2. To facilitate cloning a synthetic gene 

containing the oriSELECT cassette from pICRL with part of the tet repressor cassette, was 

designed and ordered from DNA 2.0. This increased the size of the insert fragment and saved 

having to incorporate new restriction sites into the vector. The restriction map of the ORT vector 

was examined to identify unique restriction sites on either side of the insertion locus. NdeI and 

NheI were identified as being unique sites in an appropriate position. 

The 730 bp synthetic DNA cassette t22icrl included the pMK22tORTdapD backbone sequence 

from the NheI site to the NdeI site with the ICRL oriSELECT cassette controlling expression of 

the tet repressor. The vector containing the DNA cassette was named pt22icrl. The t22icrl DNA 

sequence is given in Appendix E. 

5.4.2 Experimental 

5.4.2.1 Synthetic DNA cassette 

The 3.543 bp plasmid containing the synthetic DNA cassette t22icrl in vector pJ344 was 

received from DNA 2.0 (Gene ID: 86145). The plasmid DNA was shipped on a filter and eluted 

according to the manufacturer’s instructions. A small aliquot of the plasmid DNA was digested 

with the enzymes NdeI and NheI in NEBuffer 4 and BSA and run on an agarose gel. A second 

gel was run with an aliquot of undigested DNA (Figure 5.4). The gel of undigested plasmid DNA 

showed two bands: one between 2 and 2.5 kb and another of around 8 kb. Undigested plasmid 

DNA would be supercoiled, so the DNA ladder is not an accurate estimate of the size as it 
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would be expected to see the different topological forms of the plasmid migrating differently on 

the gel. Following digestion of the plasmid there was a faint band of 724 bp, which corresponds 

to the t22icrl cassette. However, the concentration was too low to be able to purify this fragment 

from the gel. The bright high molecular weight band was still present and this appears to be 

digested to a fragment of approximately 2 kb. Therefore, this band was unlikely to be due to the 

different topological forms of the plasmid or due to plasmid multimers as the band did not 

disappear after digestion. It was unlikely that the second band was due to a contaminating 

plasmid as following transformation of the plasmid DNA the likelihood of both plasmids being 

transformed into the same cell was very unlikely. However, following transformation and 

miniprep of the plasmid DNA both bands were still observed and the higher molecular weight 

band was much brighter than the other.  

Due to the problems observed with this vector DNA2.0 resynthesised the DNA. They had some 

trouble with this so resorted to using a low copy number vector pJ354, which has the pACYC 

replicon (Gene ID: 88552). They also found that growing the strain at 30oC helped improve the 

stability. It is possible that there was some conflict between the RNAII sequence within the ICRL 

cassette and the RNAII of the replicon of the original vector. However, this was not observed as 

a problem in the Toxin oriSELECT plasmid pTox in chapter 4. 
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Figure 5.4 – Agarose gel of pt22icrl. A – Lane 1: HyperLadder I. Lane 2: undigested pt22icrl. B 

– Lane 1: HyperLadder I. Lane 2: digested pt22icrl. 
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5.4.2.2 Cloning of synthetic DNA cassette into ORT vector 

The plasmid containing the synthetic DNA cassette was transformed into E. coli TOP10 

competent cells and selected for on ampicillin agar plates. Plasmid DNA was extracted from 

TOP10 (pt22icrl) cells using a miniprep kit but this resulted in a very low concentration of DNA, 

due to the low copy number of the vector. A maxiprep kit was used instead to increase the yield 

of DNA. 

Digestion of the 4,661 bp vector pMK22tORTdapD, with the restriction enzymes NdeI and NheI 

in NEBuffer 4 and BSA, resulted in two fragments of 4,119 bp and 542 bp. The 3,422 bp vector 

pt22icrl was digested with the same enzymes resulting in three fragments of 2,137 bp, 724 bp 

and 561 bp. The products from the digestion were separated by agarose gel electrophoresis. 

The 4,119 bp vector fragment and the 724 bp insert fragment were purified by gel extraction.  

6 &L of the gel purified insert from pt22icrl and 2.5 &L of the gel purified vector 

pMK22tORTdapD were mixed with T4 DNA ligase. The reaction was incubated at 16oC 

overnight. The ligase was heat inactivated and the product transformed into DH1!pepA 

electrocompetent cells. The transformation was plated on agar containing 10 &g/ml 

chloramphenicol. The DH1!pepA strain was used to increase the chance of obtaining colonies, 

as following transformation into the cell the Xer-recombination system will act to excise the 

chloramphenicol-resistance gene, so, plasmids that have ligated and have lost the selectable 

marker would be selected against. Xer-recombination on a plasmid requires accessory proteins 

one of these being PepA. Therefore, the pepA deletion should prevent the strain from being 

able to excise the resistance gene from the plasmid.  

The resulting colonies from the transformation were screened for the insert by colony PCR 

using primers tet-dapF and tet-dapR. PCR was performed using Bioline Taq polymerase. The 

PCR was run for 30 cycles of 96oC, 2 minutes (first cycle only); 96oC, 30 seconds; 50oC, 30 

seconds; 72oC, 2 minutes; 72oC, 10 minutes (last cycle only). The PCR products were run on an 

agarose gel (Figure 5.5). The gel was run at a low voltage overnight to allow for good 

separation of the bands, which could be quite hard to distinguish on a gel. It was expected that 

amplification of the original vector, pMK22tORTdapD would result in a product of 2,094 bp. If 

the insert had been ligated into the vector the PCR product would be 2,276 bp. The PCR 

amplified many non-specific bands. Analysis of the gel showed that colony 1 and colony 9 
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appeared to have a band of the size that would be expected from amplification of the Tet-

Repressor oriSELECT plasmid pMKt22icrldapD. 
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Figure 5.5 – Agarose gel from PCR screening of Repressor oriSELECT plasmid 

pMKt22icrldapD. Lane 1: Kb DNA ladder. Lane 2: control. Lane 3-18: colonies 1-16. Lane 19: 

control. Lane 20: Kb DNA ladder. 
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5.4.2.3 Preparation of linear DNA cassette for !-Red recombination 

The vector pMKt22icrldapD contains homology to the dapD gene for integration of the cassette 

into the host chromosome by !-Red recombination. However, the plasmid pMK22tORTdapD 

was designed for integration into Salmonella rather than E. coli. Salmonella and E. coli are quite 

closely related so a sequence alignment using BLAST was run to compare the homology 

regions on the plasmid with the E. coli MG1655 genome (Appendix F). The results from the 

alignment showed that the dapD homology showed 85% sequence identity (171 out of 201 

nucleotides). The glnD homology showed 87% homology (174 out of 199 nucleotides). These 

regions of homology are therefore not suitable for recombineering into E. coli. The regions of 

flanking homology would need to be built into the cassette by PCR using chimeric primers. Due 

to the limits of the length of primer that can be synthesised the homology regions will be much 

shorter in length, around 50 bp. Although this has been described as being sufficient for 

recombination, the recombination efficiency would decrease. 

The linear DNA cassette for recombination into the dapD locus was prepared by PCR using 

primers tet-dapF and tet-dapR. These are chimeric primers that incorporate approximately 50 

bp of homology to the dapD insertion locus at either end of the amplicon. The PCR was run for 

30 cycles of 98oC, 30 seconds (first cycle only); 98oC, 10 seconds; 61oC, 30 seconds; 72oC, 1 

minute; 72oC, 10 minutes (last cycle only). The linear DNA cassette for recombination into the 

def locus was prepared by PCR using primers E_def_Nterm and E_def_5’UTR, which were 

designed by Paola Salerno at Cobra Biologics. The PCR was run for 30 cycles of 98oC, 30 

seconds (first cycle only); 98oC, 10 seconds; 69oC, 30 seconds; 72oC, 1 minute; 72oC, 10 

minutes (last cycle only). The products of the PCR reaction were digested with DpnI and run on 

an agarose gel (results not shown). The gel showed no amplification using primers 

E_def_Nterm and E_def_5’UTR and a band between 200-400 bp resulting from amplification 

with primers tet-dapF and tet-dapR. Due to the discrepancy in the size of the PCR product 

between this reaction and the previous amplification, plasmid DNA was extracted from colonies 

1 and 9, diluted 100-fold and the PCR reaction was repeated. The PCR products were analysed 

by agarose gel electrophoresis (Figure 5.6). This time there were bands at approximately 250 

bp, which appeared to be primer dimers. No other amplification products were observed from 

PCR of pMKt22icrl.1. There was also a band at approximately 750 bp amplified from 
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pMKt22icrl.9. However, this band of 750 bp is different from the 2 kb amplification product size 

expected and observed in the original PCR (Figure 5.5). 



 179 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 – Agarose gel of PCR products from amplification of plasmid DNA. Lane 1: Kb DNA 

ladder. Lane 2: PCR of pMKt22icrl.1. Lane 3: PCR of pMKt22icrl.9. 
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5.4.2.4 Screening of plasmids by restriction mapping 

Due to the discrepancy between the sizes of PCR products resulting from amplification of the 

plasmid DNA, the plasmid was screened by restriction mapping to check the product of the 

ligation. Plasmid DNA was extracted by miniprep and digested with XhoI and BamHI in 

NEBuffer 3 and BSA. DNA was run on an agarose gel (Figure 5.7). There is no XhoI restriction 

site in the vector pMK22tORTdapD so digestion would result in a linear DNA fragment of 4,661 

bp. Digestion of the vector pMKt22icrldapD containing the insert will result in two fragments of 

2,839 bp and 2,012 bp. The gel shows a single band between four and five kb. From this it was 

concluded that both of these plasmids were the original vector without an insert. 

However, it was an odd result to see amplification of a fragment of the right size in the original 

gel from colony PCR. To check this result an aliquot of the PCR products of colony 1, 2 and 9 

were run again on a gel (Figure 5.8). This time the bands all migrated the same distance. This 

indicates that the original results were possibly due to oddities of the migration of the bands on 

the gel, which could have been due to running the gel overnight at a low voltage. It could also 

be due to ionic conditions or differences in the amount of DNA loaded onto the gel. This is most 

likely as the bands were fainter in the two lanes that showed different migration.  
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Figure 5.7 – Agarose gel of plasmids following digestion. Lane 1: Kb DNA ladder. Lane 2: 

pMKt22icrldapD.1. Lane 3: pMKt22icrldapD.9  

Figure 5.8 – Repeat agarose gel of PCR products from screening by colony PCR. Lane 1: 

HyperLadder I. Lane 2: control. Lane 3: PCR pMKt22icrldapD.1. Lane 4: PCR pMKt22icrldapD.2. 

Lane 5: PCR pMKt22icrldapD.9. 
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5.4.2.5 Analysis of ligation by PCR 

To check whether more colonies needed to be screened for the ligation product the ligation 

reaction mix was used as the template in a PCR reaction with primers tet-dapF and tet-dapR to 

check for amplification of a cassette of the correct size for containing the insert (Chandra and 

Wikel, 2005). PCR of the original vector should result in a product of 2 kb and PCR of the vector 

containing the insert should result in a product of 2.2 kb. If a product of the correct size was 

amplified, it could be purified by gel extraction and used as the template in a further round of 

PCR to prepare the linear DNA cassette to use as the substrate for recombineering. The PCR 

products were run on an agarose gel (Figure 5.9). The gel showed a band at approximately 250 

bp, which appear to be due to primer dimers and no amplification products.  
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Figure 5.9 – Agarose gel of ligation PCR. Lane 1: Kb DNA ladder. Lane 2: PCR product. 
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5.4.2.6 Control PCR reaction 

A control PCR reaction was run to check whether these primers amplified the vector pMK-

T1ORTdap DNA under the cycling conditions used.  Reactions were run using primers tet-dapF 

and tet-dapR and with primers E_def_Nterm and E_def_3’UTR. Negative controls with no 

template DNA were also set up for each primer set. The PCR products were run on an agarose 

gel to check for amplification (Figure 5.10). No bands were observed on the gel for either of the 

negative control reactions. There was no amplification product resulting from PCR with primers 

tet-dapF and tet-dapR. Amplification with primers E_def_Nterm and E_def_3’UTR resulted in an 

amplification product of just over 1 kb. This is smaller than the expected fragment size and 

could be due to amplification of the plasmid that had lost the chloramphenicol-resistance gene. 

However, if this were the case it would have been likely to see two bands on the gel from 

amplification of the mixed population of plasmids both with and without the resistance gene. The 

differences in the size of the product from the PCR reaction in each of the cases could have 

been due to the primers binding the DNA non-specifically or due to some secondary structure in 

the primer stopping it from annealing to the template DNA. Due to the conflicting results from 

the PCR reactions with both of these primer sets the primers would have to be redesigned.  
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Figure 5.10 – Agarose gel of PCR products from control PCR reaction. Lane 1: HyperLadder I. 

Lane 2: NTC dap primer set. Lane 3: amplification of pMK-T1ORTdap with dap primer set. Lane 

4: NTC def primer set. Lane 5: amplification of pMK-T1ORTdap with def primer set. 
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5.4.3 Discussion 

There have been several problems with the cloning, which meant the Repressor oriSELECT 

cassette was not constructed. Initial attempts at construction of plasmids containing Repressor 

oriSELECT cassettes failed. This was thought to be in part due to the relatively small size of the 

insert fragment. This was the motivation behind getting part of the cassette synthesised.  

DNA synthesis proved to be problematic and DNA2.0 took a long time to build the DNA 

cassette. The original plasmid shipped appeared to have some contamination, so the plasmid 

had to be resynthesised. The cassette was then built into a low copy number vector to improve 

stability. The low plasmid copy number of pt22icrl caused some issues in terms of the yield of 

plasmid DNA following extraction by miniprep. Although a maxiprep worked to increase the yield 

of DNA there appeared to be consequences on the purity. The digestion of the DNA does not 

appear to be very efficient as there is still a lot of undigested DNA. This meant that there was 

very little DNA to purify from the gel and due to the expected losses in the process of gel 

purification there was insufficient DNA for the ligation. The inefficiency of the reaction was 

thought not to be due to the enzymes as they worked sufficiently in digesting the ORT vector. It 

was thought that there could be impurities in the DNA inhibiting the reaction. Preparation of 

DNA using caesium chloride density gradient centrifugation could help produce a high yield of 

high quality plasmid DNA. 

The observation of integration of the chloramphenicol-resistance gene into the chromosomal dif 

locus in chapter 4 could potentially be a problem when trying to integrate the cassette. In this 

case it could be an even bigger problem, as the recombination frequency will be lower due to 

the shorter lengths of flanking homology.  

To continue this work the Repressor oriSELECT construct would need to be redesigned. 

Changing the resistance gene to one that is not flanked by dif sites and using longer lengths of 

flanking homology for recombineering would aim to eliminate the anticipated problems further 

down the track. It is likely that this cassette would need to be built in several parts and 

assembled either by using restriction digests and ligations or by attempting the alternative 

methods for ligation-independent cloning described in section 1.7.3.1. 
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6 Conclusions 
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The overall aim of the project was to construct a strain to allow antibiotic-free plasmid selection 

by oriSELECT. This would have been only the second commercially usable example—after 

ORT—of a plasmid selection system that is independent of selectable marker gene expression, 

resulting in a reduced metabolic burden on the cell. Due to difficulties in building the strains this 

was not achieved. However, some useful plasmids have been constructed which will help take 

this work further. In addition, the concept of oriSELECT has been demonstrated in the assays 

described in chapter 3, which showed that expression of RNAI from a plasmid with the pMB1 

replicon was able to relieve repression of a reporter gene.  

This construct can also be seen as a synthetic genetic circuit. One aspect in the field of 

synthetic biology is the characterisation of biological parts, which can be used to assemble 

genetic circuits (Guet et al., 2002; Judd et al., 2000). These genetic circuits can be used to build 

practical devices as well as being used for characterisation purposes. The oriSELECT cassette 

that has been described in this work is a synthetic genetic circuit where the presence of a 

plasmid controls expression of the lac repressor, which in turn controls expression of the 

reporter gene lacZ. 

6.1 Determination of plasmid copy numbers by qPCR  

qPCR was used to determine the copy numbers of the pMB1 plasmids used in the "-

galactosidase assays. This was done to confirm that the mutations had the expected effect on 

plasmid copy number. Although the G to A point mutation is quite well documented as 

increasing the plasmid copy number, there is some discrepancy in the literature of the effect of 

the rom deletion on copy number. Results from the qPCR assay showed the copy number of 

pBR322 to be approximately 80, which was higher than expected. The G to A point mutation 

resulted in an increased copy number as expected. Here, it was shown that the deletion of rom 

did not have a significant effect on the copy number unless in a plasmid with the G to A point 

mutation. Differences reported in the literature are thought to be due to differences in cellular 

growth rate. 

6.2 Comparison of efficacy of oriSELECT cassettes 

The efficacy of four oriSELECT cassettes that varied in the length of RNAII sequence and in the 

positioning of the RBS was measured. The results showed that the IPRL and RICL cassettes 

were not functional, as "-galactosidase activity was not detected in the presence of a plasmid 



 189 

expressing RNAI. The cassettes ICRL and RIPL both showed the potential for oriSELECT. 

However, the RIPL cassette was very leaky with equivalent levels of "-galactosidase in the 

control plasmid-free strain as the IPTG-induced positive control. Therefore, it was concluded 

that the ICRL cassette—though still a bit leaky—was the best of the cassettes tested so would 

be used to build oriSELECT strains. This has the three loops of RNAII and the RBS in between 

the RNAII sequence and the repressor gene so that RNAI binding may sterically block 

ribosomal binding. 

6.3 Comparison between oriSELECT and the Boehringer-Ingelheim approach 

The RIPL cassette containing two loops of RNAII and the RBS upstream of the RNAII-repressor 

cassette creating an RNAII-repressor fusion was similar to the cassette used in the antibiotic-

free plasmid maintenance system developed by Boehringer-Ingelheim (Pfaffenzeller et al., 

2006). Here, it was shown that the RIPL oriSELECT construct was very leaky so was thought 

not to be suitable for oriSELECT. Boehringer-Ingelheim had also tested the system with the 

longer RNAII corresponding to three loops equivalent of the RICL cassette. They found this to 

work but less effectively. Contrarily, this work showed that this cassette did not work at all. A 

potential cause of the differences seen could be due to the Boehringer-Ingelheim approach 

measuring the levels of GFP directly, whereas, this work is a more accurate representation of 

the Repressor oriSELECT mechanism. 

6.4 The rom gene 

The Rop protein helps the formation and stabilisation of the interaction between RNAI and 

RNAII. Results from the assays testing plasmids of varying copy number showed the 

importance of rom gene expression for the functioning of oriSELECT. Therefore, to allow the 

use of high copy number plasmids derived from the pUC family, which have the rom gene 

deleted, a host strain expressing rom would likely need to be used.  

6.5 sacB Toxin oriSELECT 

Although using sacB as the toxic gene has advantages in terms of being able to control toxicity 

by the growth medium there are several disadvantages to using this gene. sacB is quite a large 

gene. It has been shown to be mildly toxic even in absence of sucrose, which could result in 

problems in constructing the strain. Over many generations sacB has been shown to 
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accumulate mutations to bypass toxicity, which would result in the loss of the selection system. 

These are the reasons why this part of the project was abandoned. 

6.6 ccdB Toxin oriSELECT 

The construction of the plasmid pTox that contained the ccdB Toxin oriSELECT cassette was a 

laborious process but this was finally achieved. The recombineering step to insert the cassette 

into the E. coli genome was met with some problems. Following optimisation of the protocol, !-

Red recombination was successfully used to integrate the four oriSELECT cassettes into the E. 

coli genome for testing of the oriSELECT constructs in chapter 3. Though there were still issues 

relating to the low frequency of recombination. When it came to the integration of the Toxin 

oriSELECT construct there was no success with !-Red recombineering. A further complication 

arose when trying to integrate the Toxin oriSELECT cassette into the E. coli genome and 

insertion of the antibiotic-resistance gene into the chromosomal dif site was observed. This 

could be a frequency issue as this was not observed as a problem in chapter 3. The simplest 

way to avoid this is would be to remove the dif sites flanking the resistance gene. This would 

mean the strain would still contain an antibiotic-resistance gene, which though not a problem for 

testing the strains would require further modification to remove the resistance gene from the 

final strain. Another method that could be tested would be to integrate the cassette into DH1 

!pepA. This strain has the deletion of the pepA gene that encodes one of the accessory factors 

required for Xer-recombination on ColE1 plasmids. Therefore, in the absence of this gene it 

would be expected that intramolecular recombination on the plasmid would not occur.  

6.7 Repressor oriSELECT 

The main hindrance of progress was due to technical difficulties in terms of cloning. Many 

alternative strategies were attempted with limited success. The problems with cloning and 

suggestions for troubleshooting were outlined in chapter 5. Unfortunately, the problem with DNA 

synthesis left little time for troubleshooting of this part of the project. 

6.7.1 Redesigning the method for constructing the Repressor oriSELECT strain 

The Repressor oriSELECT cassette would need to be redesigned to incorporate longer regions 

of homology and to remove the dif sites flanking the resistance gene. Due to the small sizes of 

some of the parts Gibson Assembly would not be suitable for this construction. The easiest way 

is to order a synthetic gene as the cost of doing so is ever decreasing. If the entire cassette is 
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ordered then problems with digesting and ligating the parts would be avoided as the entire 

cassette could be amplified by PCR. Approximately 200 bp of flanking homology should be 

sufficient for integration of the cassette into the E. coli genome. The chloramphenicol resistance 

cassette could be replaced with the zeocin resistance gene, which at 370 bp is much smaller. 

The Tet Repressor and mutant Tet promoter as described in 1.7.1.1.2.2 would still be used 

together with the ICRL oriSELECT cassette. The essential gene def would be tested first as the 

rapid turnover of def in the cell could be useful for a highly sensitive system. Therefore, the 

right-hand homology would be the start of the def gene. This entire Repressor oriSELECT 

cassette would be approximately 1.7 kb in total. 

6.8 Future work 

6.8.1 Continuation of work in progress 

As the main objective of building a strain that could be used for antibiotic-free plasmid selection 

had not been achieved this work would need to be continued. Some of the immediate steps to 

try and solve the problems seen so far have been described in the chapter summaries 4.4.4 and 

5.5.3. Once oriSELECT strains have been constructed they would need to be tested for plasmid 

selection by transforming the cells with a plasmid producing RNAI and testing for the presence 

of the plasmid in the presence and absence of antibiotic-selection. A plasmid stability assay 

would also be used to check for plasmid maintenance over several generations. This would be 

done by setting up bacterial cultures in triplicate and subculturing over several days with 

samples taken every 24 hours. To ensure an equal amount of cells are used a volume of the 

culture equal to 1 ml of culture at OD600 = 1.0 would be taken and the plasmid DNA extracted 

using a Miniprep kit. The final eluate would be run on an agarose gel to check for the presence 

of plasmid DNA and any loss of plasmid DNA over time should be visible on the gel. The 

density of the gel bands could be measured to give quantitative results.  

If these initial tests confirmed a functional oriSELECT strain then this strain could be tested for 

protein expression. This could be followed up by scaling up these experiments in fermenters. 

The system might need further optimisation and more essential genes or toxic genes and 

different repressor genes could be tested in the system. Once a functional oriSELECT system 

has been constructed and tested in E. coli the aim would be to transfer the system into 

Salmonella, as Salmonella strains are useful for plasmid-based vaccine delivery. 
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6.8.2 Double-Antisense oriSELECT 

Section 1.8.1.2 described a third mechanism of oriSELECT – Double-Antisense oriSELECT. 

This still requires investigation. This could involve a lot of work as different lengths of antisense 

sequence would need to be tested and again different essential genes could be used. 

6.8.3 Further assays to investigate oriSELECT 

Future work could look at carrying out more "-galactosidase assays to carry out further 

characterisation of the oriSELECT system. The testing of different repressor genes and 

promoters could give valuable insights into the way the system works. 

6.9 Concluding remarks 

Despite not having achieved the aim of building a strain for selectable-marker free plasmid 

selection progress has been made in understanding the oriSELECT system, which will help in 

future work to construct these strains. Although this work has shown the potential for 

oriSELECT it is important to consider whether this is the way forward in terms of a novel method 

for antibiotic-free plasmid selection. Many of the original examples of antibiotic-free plasmid 

selection were using plasmid complementation of an auxotrophic host (Vandermeulen et al., 

2011). The results were promising but these methods often do not appear in examples of 

plasmids used in clinical trials. However, this could be for commercial reasons rather than for a 

scientific basis.  

One of the advantages of oriSELECT is that existing plasmids that have the pMB1 replicon can 

be used in the system without further modifications. However, this may not be strictly speaking 

true, as the existing plasmid would encode an antibiotic-resistance gene. This may not be a 

problem in terms of safety if the plasmid is being used for protein expression, although the 

metabolic burden of resistance gene expression may lower the yield of the recombinant 

product. However, if the plasmid DNA is to be used as a DNA vaccine then the antibiotic-

resistance gene would have to be removed from the plasmid. 

Another of the stated advantages of oriSELECT is that it does not require selectable marker 

gene expression, thus reducing the metabolic burden. Amber suppressor tRNA genes as used 

in pCOR (Soubrier et al., 1999, Soubrier et al., 2005) and pFAR (Marie et al., 2010) vectors are 

small, approximately 100 bp. Consequently, they probably do not exert much of a metabolic 

burden on the cell. However, these methods require a minimal medium for growth, which is not 
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ideal. A further advantage of reducing plasmid size is the increased effective dose of plasmid in 

a DNA vaccine.  

A possible drawback with oriSELECT is that the RNAI expressed from the plasmid has two 

target sites: one on the plasmid controlling its replication and the other in the genome controlling 

repressor gene expression. Although RNAI is present in excess the competition between these 

two target sites could affect plasmid copy number or the efficacy of oriSELECT resulting in 

further complications. With this in mind one could see the advantages of using an alternative 

antisense RNA system that does not have an alternative target site in the cell such as the RNA-

IN/RNA-OUT system (Luke et al., 2009, Carnes et al., 2010). Additionally, RNAI and RNAII 

control the formation of the replication primer and are not involved in control of gene expression. 

It may be better to use an antisense RNA system that controls gene expression such as sar 

RNA from phage P22 that inhibits translation of ant mRNA (Liao et al., 1987).  

To conclude, each of these methods have their associated advantages and disadvantages and 

the potential advantages of oriSELECT means that this is worth pursuing to try and build a 

functional system. Particularly considering that the patent (Cranenburgh, 2006) has been 

granted and there is potential commercial gain. It may be useful to take a synthetic biology 

approach using mathematical modelling of the oriSELECT system to try and identify useful 

essential gene and promoter combinations. These constructs could then be built and tested in 

the lab. This could help the process of designing constructs and may help reduce the number of 

constructs that would need to be made and tested.  
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Appendix A – Table of Primers 

Primer name Nucleotide sequence Tm 

(oC) 

101F AGCGGAAGAGCATGACAACCTTAAGCTGTAAAGTGA 62 

101Rv2 CAATTGACCGGTTTATATCTCAGATAAATGCAAACG 59 

102F ACCGGTCGAAGCGGCATGCATAT 64 

102R ACCGGTAGATCCTTTGATGCATGGTG 63 

103F AGCGGAAGAGCATTCGATGAAGATTCTTGCTC 60 

103R TTAATTAAACATGCAACCATTATCACCG 64 

104F AGCGGAAGAGCTTTCTGCGTATAATTTAATTAATGC 60 

104Rv2 GTCGACGAGACCACCACCGTATTTG 61 

104Rv3 AACACACCTCAGGAGACCACCACCGTATTTG 59 

105F GTCGACATGCAGTTTAAGGTTTACACCTAT 59 

105Fv2 AACACACCTGAGGATGCAGTTTAAGGTTTACACCTAT 59 

105R CATATGTTATATTCCCCAGAACATCAGGTT 64 

106F CATATGTCCGGCAAGTGGTTAAAC 62 

106Rv2 GACGTCCATGTGCCGATGAGTCA 61 

301Fv2 TAGGTACTCGAGATGAACAAGCTCCAAGCG 62 

301R CATGGACAATTGCATGTTTGATAGCTTATCA 57 

302Fv2 GAGCTTCTCGAGGAGACCACCACCGTATTTG 61 

302R TACGTTCAATTGATGCATCAAAGGATCTTCT 58 

401F TCGCGTTGGAGCTTGTTCATGTATTTGGTATCTGCGCTCT 59 

401R GTTCGGATGATAAGCTATCAAACATATGCATCAAAGGATCTTCTT 58 

402F AAGAAGATCCTTTGATGCATATGTTTGATAGCTTATCATCCGAAC 63 

402R AGAGCGCAGATACCAAATACATGAACAAGCTCCAACGCGA 68 

501R GGTGTAAACCTTAAACTGCATGAGACCACCACCGTATTTG 61 

502F CAAATACGGTGGTGGTCTCATGCAGTTTAAGGTTTACACC 58 

504F GCATCTGTATGATCTCTGCG 62 

504R GTTTGAAATGAACGAAGCC 60 

5001 CCATTGACCTCATCGAGCAC 66 

3001 CTCTGCGACATCGTATAACG 61 

5003 AATCTTGCTCTTCATTAACACGGAGGCATCAGTG 62 

3003b AGATACCAAATACTGTC 44 

5006 CTTTCTCATAGCTCACG 52 

3006 AAGGATCTAGGTGAAGA 49 

5008 TATGTCGGTCTCGTGAAAATGAACATCAAAAAGTTTGCA 60 

3008 TGACTTGGCGCCTTATTTGTTAACTGTTAATTGTCC 57 

5201 TGCCCTATTTATCGATCCGAC 65 
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3201 GGTTGAGCCAGCCCGTC 68 

blaF CTACGATACGGGAGGGCTTA 63 

blaR ATAAATCTGGAGCCGGTGAG 63 

dif locus 5’ GGGAATAACCAGGCTATTTC 59 

dif locus 3’ GGTTGCATGGACGGTTAAGC 65 

dxsF CGAGAAACTGGCGATCCTTA 65 

dxsR CTTCATCAAGCGGTTTCACA 64 

E_def_Nterm CGGTTTAGCAACTTTGCGAAGCCGCTCGTCCGGAATATGTAACAC

TTGCAAAACTGACATATGCGGTGCCTGACTGCGTT 

72 

E_def_3’UTR GGATTTGTCTAGAATAGAAGAAATAATCTTTCTAACTCCTGAACAC

ATCTCTGGAGATTTGGATCCACTAGTAACGGCCG 

66 

mhpA5’ CTATCGCCGTACCGCTGCGC 74 

lacI3’ CAACGACTGTTTGCCCGCCA 74 

M13-20 GTAAAACGACGGCCAGT 59 

M13-reverse GGAAACAGCTATGACCATG 59 

Plac1F GGATTTCCTTACGCGAAATACGG 68 

Plac1R TGAACGGTCTGGTCTTTGCC 68 

Plac2F GCTGCTGGTGTTTTGCTTCCG 71 

Plac2R GCCTCGCGGTGATGGTGCTG 76 

Plac3F ACGTCACGGAAAATGCCGCT 71 

Plac3R GTTGCCAACGATCAGATGGC 68 

Plac4F TCCACGCTGGTTTGCCCCAG 75 

Plac4R CTATCGCCGTACCGCTGCGC  74 

tet-dapF CGCTGACCGGCGTGCGCTTAATAACGAGTTGCAGCAGGAAGTGC

ATCAGCGGTTGACAGAGGCCCTCAATCCAAACG 

65 

tet-dapR AACGGTGTCTGCATTGGCTGGCGTGATCTCGGCACGGCGTTCAA

AAGCGGTTTCAATAATGTTCTGTAACTGCTGCATATG 

58 
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Appendix B – Sequences of oriSELECT cassettes 
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Appendix C – Raw data from "-galactosidase assays 

Strain OD600 
Lysate 

(ml) 
Time 

(mins) OD420 OD550 

Activity 
(Miller 
Units) Mean 95% CI 

                  
DH1 0.47 0.5 36 0.057 0.008 5.1     
DH1 0.47 0.5 66 0.087 0.011 4.4     
DH1 0.47 0.5 65 0.084 0.011 4.2     
DH1 0.5 0.5 65 0.073 0.014 3.0     
DH1 0.5 0.5 65 0.091 0.008 4.7     
DH1 0.5 0.5 65 0.097 0.018 4.0     
DH1 0.48 0.5 65 0.085 0.008 4.6     
DH1 0.48 0.5 65 0.09 0.008 4.9     
DH1 0.48 0.5 65 0.082 0.005 4.7 4.40 0.41 
                  
DH1 (pSC101) 0.57 0.4 75 0.139 0.055 2.5     
DH1 (pSC101) 0.57 0.4 76 0.128 0.054 1.9     
DH1 (pSC101) 0.57 0.4 77 0.13 0.05 2.4     
DH1 (pSC101) 0.24 0.4 76 0.077 0.023 5.0     
DH1 (pSC101) 0.24 0.4 75 0.083 0.022 6.2     
DH1 (pSC101) 0.24 0.4 75 0.094 0.027 6.5     
DH1 (pSC101) 0.49 0.4 66 0.243 0.039 13.5     
DH1 (pSC101) 0.49 0.4 64 0.26 0.047 14.2     
DH1 (pSC101) 0.49 0.4 65 0.243 0.041 13.4 7.30 3.32 
                  
DH1 (pBR322) 0.62 0.3 100 0.253 0.035 10.3     
DH1 (pBR322) 0.62 0.3 99 0.276 0.041 11.1     
DH1 (pBR322) 0.62 0.3 99 0.302 0.044 12.2     
DH1 (pBR322) 0.6 0.3 100 0.28 0.041 11.6     
DH1 (pBR322) 0.6 0.3 98 0.269 0.045 10.8     
DH1 (pBR322) 0.6 0.3 99 0.271 0.041 11.2     
DH1 (pBR322) 0.53 0.3 99 0.233 0.024 12.1     
DH1 (pBR322) 0.53 0.3 97 0.25 0.043 11.3     
DH1 (pBR322) 0.53 0.3 98 0.242 0.027 12.5 11.46 0.47 
                  
DH1 (pBR322G/A) 37oC 0.57 0.1 53 0.092 0.026 15.4     
DH1 (pBR322G/A) 37oC 0.57 0.1 53 0.077 0.015 16.8     
DH1 (pBR322G/A) 37oC 0.57 0.1 53 0.111 0.033 17.6     
DH1 (pBR322G/A) 37oC 0.62 0.1 53 0.078 0.017 14.7     
DH1 (pBR322G/A) 37oC 0.62 0.1 53 0.067 0.019 10.3     
DH1 (pBR322G/A) 37oC 0.62 0.1 54 0.073 0.012 15.5     
DH1 (pBR322G/A) 37oC 0.6 0.1 54 0.076 0.015 15.4     
DH1 (pBR322G/A) 37oC 0.6 0.1 53 0.058 0.01 12.7     
DH1 (pBR322G/A) 37oC 0.6 0.1 53 0.088 0.023 15.0     
DH1 (pBR322G/A) 37oC 0.41 0.1 34 0.024 -0.004 22.2     
DH1 (pBR322G/A) 37oC 0.41 0.1 30 0.057 0.009 33.5     
DH1 (pBR322G/A) 37oC 0.41 0.1 30 0.054 0.008 32.5     
DH1 (pBR322G/A) 37oC 0.45 0.1 31 0.049 0.005 28.9     
DH1 (pBR322G/A) 37oC 0.45 0.1 49 0.059 0.008 20.4     
DH1 (pBR322G/A) 37oC 0.45 0.1 49 0.086 0.031 14.4     
DH1 (pBR322G/A) 37oC 0.44 0.1 34 0.056 0.008 28.1     
DH1 (pBR322G/A) 37oC 0.44 0.1 43 0.064 0.01 24.6     
DH1 (pBR322G/A) 37oC 0.44 0.1 39 0.062 0.011 24.9 20.16 3.25 
                  
DH1 (pBR322G/A) 42oC 0.32 0.1 138 0.068 0.015 9.5     
DH1 (pBR322G/A) 42oC 0.32 0.1 139 0.067 0.015 9.2     
DH1 (pBR322G/A) 42oC 0.32 0.1 140 0.08 0.029 6.5     
DH1 (pBR322G/A) 42oC 0.33 0.1 141 0.086 0.027 8.3     
DH1 (pBR322G/A) 42oC 0.33 0.1 137 0.08 0.013 12.7     
DH1 (pBR322G/A) 42oC 0.33 0.1 142 0.072 0.014 10.1     
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DH1 (pBR322G/A) 42oC 0.37 0.1 136 0.074 0.015 9.5     
DH1 (pBR322G/A) 42oC 0.37 0.1 140 0.084 0.027 7.1     
DH1 (pBR322G/A) 42oC 0.37 0.1 143 0.088 0.019 10.3 9.24 1.19 
                  
DH1 (pBR322!rom) 0.41 0.3 14 0.146 0.012 72.6     
DH1 (pBR322!rom) 0.41 0.3 16 0.156 0.012 68.6     
DH1 (pBR322!rom) 0.41 0.3 14 0.037 0.008 13.4     
DH1 (pBR322!rom) 0.45 0.3 12 0.104 0.013 50.2     
DH1 (pBR322!rom) 0.45 0.3 15 0.148 0.024 52.3     
DH1 (pBR322!rom) 0.45 0.3 15 0.135 0.013 55.4     
DH1 (pBR322!rom) 0.53 0.3 11 0.111 0.015 48.5     
DH1 (pBR322!rom) 0.53 0.3 16 0.139 0.013 45.7     
DH1 (pBR322!rom) 0.53 0.3 15 0.154 0.023 47.7 50.48 10.98 
                  
DH1 (pQR499) 0.57 0.3 26 0.347 0.032 65.5     
DH1 (pQR499) 0.57 0.3 25 0.435 0.043 84.2     
DH1 (pQR499) 0.57 0.3 25 0.404 0.043 76.9     
DH1 (pQR499) 0.59 0.3 25 0.388 0.043 70.7     
DH1 (pQR499) 0.59 0.3 24 0.397 0.046 74.5     
DH1 (pQR499) 0.59 0.3 20 0.314 0.03 73.9     
DH1 (pQR499) 0.55 0.3 23 0.315 0.031 68.7     
DH1 (pQR499) 0.55 0.3 25 0.362 0.036 72.5     
DH1 (pQR499) 0.55 0.3 22 0.33 0.034 74.5     
DH1 (pQR499) 0.51 0.3 29 0.098 0.021 13.8     
DH1 (pQR499) 0.51 0.3 29 0.089 0.015 14.1     
DH1 (pQR499) 0.51 0.3 28 0.092 0.017 14.5     
DH1 (pQR499) 0.48 0.3 29 0.082 0.013 14.2     
DH1 (pQR499) 0.48 0.3 34 0.091 0.013 13.9     
DH1 (pQR499) 0.48 0.3 29 0.082 0.009 15.9     
DH1 (pQR499) 0.45 0.3 34 0.1 0.02 14.2     
DH1 (pQR499) 0.45 0.3 40 0.09 0.012 12.8     
DH1 (pQR499) 0.45 0.3 40 0.111 0.026 12.1 43.71 14.25 
                  
DH1 + IPTG 0.48 0.1 12 0.64 0.003 1102.0     
DH1 + IPTG 0.48 0.1 12 0.627 0.005 1073.4     
DH1 + IPTG 0.48 0.1 12 0.634 0.002 1094.6     
DH1 + IPTG 0.47 0.1 13 0.639 0.051 899.8     
DH1 + IPTG 0.47 0.1 13 0.632 0.025 962.8     
DH1 + IPTG 0.47 0.1 13 0.631 0.001 1029.9     
DH1 + IPTG 0.45 0.1 12 0.595 0.001 1098.6     
DH1 + IPTG 0.45 0.1 12 0.612 0.024 1055.6     
DH1 + IPTG 0.45 0.1 13 0.595 0.001 1014.1 1037 44.98 
                  
DH1.icrl 0.49 0.4 13 0.239 0.007 89.0     
DH1.icrl 0.49 0.4 13 0.359 0.119 59.2     
DH1.icrl 0.49 0.4 13 0.218 0.005 82.1     
DH1.icrl 0.51 0.4 13 0.259 0.029 78.5     
DH1.icrl 0.51 0.4 12 0.262 0.04 78.4     
DH1.icrl 0.51 0.4 10 0.226 0.009 103.1     
DH1.icrl 0.46 0.4 13 0.248 0.006 99.3     
DH1.icrl 0.46 0.4 13 0.25 0.006 100.1     
DH1.icrl 0.46 0.4 10 0.207 0.009 103.9     
DH1.icrl 0.68 0.3 14 0.971 0.042 314.3     
DH1.icrl 0.68 0.3 5 0.437 0.061 323.8     
DH1.icrl 0.68 0.3 14 1.053 0.051 337.4     
DH1.icrl 0.7 0.3 10 0.612 0.048 251.4     
DH1.icrl 0.7 0.3 8 0.656 0.072 315.5     
DH1.icrl 0.7 0.3 6 0.486 0.055 309.3     
DH1.icrl 0.62 0.3 7 0.408 0.041 258.3     
DH1.icrl 0.62 0.3 8 0.43 0.034 249.0     
DH1.icrl 0.62 0.3 7 0.393 0.038 250.8     
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DH1.icrl 0.69 0.3 8 0.49 0.004 291.7     
DH1.icrl 0.69 0.3 7 0.488 0.012 322.3     
DH1.icrl 0.69 0.3 7 0.421 0.006 283.3     
DH1.icrl 0.88 0.3 7 0.542 0.015 279.1     
DH1.icrl 0.88 0.3 7 0.581 0.01 304.9     
DH1.icrl 0.88 0.3 3 0.34 0.003 422.7     
DH1.icrl 0.85 0.3 8 0.588 0.004 284.8     
DH1.icrl 0.85 0.3 6 0.578 0.016 359.5     
DH1.icrl 0.85 0.3 8 0.689 0.043 300.9     
DH1.icrl 0.44 0.3 13 0.205 -0.037 157.2     
DH1.icrl 0.44 0.3 11 0.189 -0.039 177.2     
DH1.icrl 0.44 0.3 11 0.204 -0.038 186.3     
DH1.icrl 0.44 0.3 13 0.198 -0.034 150.1     
DH1.icrl 0.44 0.3 11 0.194 -0.039 180.6     
DH1.icrl 0.44 0.3 11 0.18 -0.04 172.2     
DH1.icrl 0.48 0.3 10 0.214 -0.036 192.4     
DH1.icrl 0.48 0.3 11 0.264 -0.038 208.6     
DH1.icrl 0.48 0.3 10 0.212 -0.038 193.4     
DH1.icrl 0.71 0.3 8 0.279 0.019 144.2     
DH1.icrl 0.71 0.3 6 0.255 0.028 161.2     
DH1.icrl 0.71 0.3 7 0.29 0.03 159.3     
DH1.icrl 0.53 0.3 5 0.283 0.018 316.4     
DH1.icrl 0.53 0.3 7 0.327 0.017 267.1     
DH1.icrl 0.53 0.3 7 0.286 0.017 230.2     
DH1.icrl 0.59 0.3 8 0.34 0.021 214.2     
DH1.icrl 0.59 0.3 7 0.318 0.022 225.6     
DH1.icrl 0.59 0.3 5 0.242 0.019 235.9 218 26.30 
                  
DH1.icrl (pSC101) 0.42 0.4 23 1.633 0.136 361.0     
DH1.icrl (pSC101) 0.42 0.4 23 1.599 0.117 360.8     
DH1.icrl (pSC101) 0.42 0.4 24 1.642 0.073 375.6     
DH1.icrl (pSC101) 0.38 0.4 22 1.116 0.057 303.9     
DH1.icrl (pSC101) 0.38 0.4 23 1.187 0.062 308.5     
DH1.icrl (pSC101) 0.38 0.4 23 1.196 0.079 302.6     
DH1.icrl (pSC101) 0.42 0.4 25 1.64 0.109 345.1     
DH1.icrl (pSC101) 0.42 0.4 25 1.398 0.102 290.4     
DH1.icrl (pSC101) 0.42 0.4 26 1.492 0.057 318.7     
DH1.icrl (pSC101) 0.62 0.1 93 0.5 0.144 43.0     
DH1.icrl (pSC101) 0.62 0.1 93 0.542 0.183 38.5     
DH1.icrl (pSC101) 0.62 0.1 92 0.53 0.179 38.0     
DH1.icrl (pSC101) 0.49 0.1 93 0.584 0.176 60.6     
DH1.icrl (pSC101) 0.49 0.1 93 0.585 0.201 51.2     
DH1.icrl (pSC101) 0.49 0.1 93 0.613 0.213 52.7     
DH1.icrl (pSC101) 0.49 0.1 93 0.417 0.134 40.0     
DH1.icrl (pSC101) 0.49 0.1 93 0.51 0.19 39.0     
DH1.icrl (pSC101) 0.49 0.1 93 0.506 0.173 44.6     
DH1.icrl (pSC101) 0.32 0.3 14 0.339 0.021 224.9     
DH1.icrl (pSC101) 0.32 0.3 15 0.516 0.022 331.6     
DH1.icrl (pSC101) 0.32 0.3 8 0.243 0.017 277.7     
DH1.icrl (pSC101) 0.38 0.3 7 0.266 0.027 274.1     
DH1.icrl (pSC101) 0.38 0.3 7 0.232 0.022 242.5     
DH1.icrl (pSC101) 0.38 0.3 8 0.23 0.029 196.5     
DH1.icrl (pSC101) 0.91 0.3 8 0.502 0.006 225.0     
DH1.icrl (pSC101) 0.91 0.3 8 0.595 0.011 263.6     
DH1.icrl (pSC101) 0.91 0.3 8 0.598 0.003 271.4     
DH1.icrl (pSC101) 0.8 0.3 7 0.421 0.007 243.3     
DH1.icrl (pSC101) 0.8 0.3 9 0.561 0.013 249.2     
DH1.icrl (pSC101) 0.8 0.3 7 0.451 0.004 264.3     
DH1.icrl (pSC101) 0.75 0.3 9 0.508 0.004 247.4     
DH1.icrl (pSC101) 0.75 0.3 7 0.398 0.004 248.3     
DH1.icrl (pSC101) 0.75 0.3 8 0.454 0.009 243.5     
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DH1.icrl (pSC101) 0.35 0.3 15 0.084 -0.04 97.8     
DH1.icrl (pSC101) 0.35 0.3 15 0.114 -0.031 106.8     
DH1.icrl (pSC101) 0.35 0.3 13 0.092 -0.035 112.3     
DH1.icrl (pSC101) 0.38 0.3 12 0.125 -0.016 111.8     
DH1.icrl (pSC101) 0.38 0.3 15 0.124 -0.038 111.4     
DH1.icrl (pSC101) 0.38 0.3 14 0.123 -0.033 113.3     
DH1.icrl (pSC101) 0.43 0.3 14 0.112 -0.038 98.8     
DH1.icrl (pSC101) 0.43 0.3 15 0.122 -0.034 93.8     
DH1.icrl (pSC101) 0.43 0.3 11 0.083 -0.04 107.8     
DH1.icrl (pSC101) 0.47 0.3 6 0.248 0.029 233.2     
DH1.icrl (pSC101) 0.47 0.3 6 0.235 0.022 232.3     
DH1.icrl (pSC101) 0.47 0.3 7 0.217 0.011 200.4     
DH1.icrl (pSC101) 0.5 0.3 7 0.217 0.013 185.0     
DH1.icrl (pSC101) 0.5 0.3 7 0.229 0.016 191.4     
DH1.icrl (pSC101) 0.5 0.3 6 0.192 0.015 184.2     
DH1.icrl (pSC101) 0.42 0.3 6 0.179 0.015 202.1     
DH1.icrl (pSC101) 0.42 0.3 6 0.172 0.01 204.4     
DH1.icrl (pSC101) 0.42 0.3 6 0.212 0.019 236.4 196 29.63 
                  
DH1.icrl (pBR322) 0.74 0.1 21 0.728 0.01 457.2     
DH1.icrl (pBR322) 0.74 0.1 21 0.824 0.006 523.5     
DH1.icrl (pBR322) 0.74 0.1 21 0.801 0.006 508.7     
DH1.icrl (pBR322) 0.8 0.1 21 0.764 0.009 445.4     
DH1.icrl (pBR322) 0.8 0.1 20 0.739 0.006 455.3     
DH1.icrl (pBR322) 0.8 0.1 20 0.782 0.006 482.2     
DH1.icrl (pBR322) 0.76 0.1 20 0.716 0.006 464.1     
DH1.icrl (pBR322) 0.76 0.1 20 0.643 0.005 417.3     
DH1.icrl (pBR322) 0.76 0.1 19 0.752 0.006 513.5     
DH1.icrl (pBR322) 0.38 0.1 9 0.148 -0.04 637.4     
DH1.icrl (pBR322) 0.38 0.1 9 0.141 -0.039 611.8     
DH1.icrl (pBR322) 0.38 0.1 9 0.133 -0.043 608.9     
DH1.icrl (pBR322) 0.36 0.1 11 0.171 -0.031 568.8     
DH1.icrl (pBR322) 0.36 0.1 11 0.159 -0.04 578.3     
DH1.icrl (pBR322) 0.36 0.1 12 0.177 -0.039 567.7     
DH1.icrl (pBR322) 0.43 0.1 13 0.219 -0.041 520.1     
DH1.icrl (pBR322) 0.43 0.1 9 0.177 -0.034 611.1     
DH1.icrl (pBR322) 0.43 0.1 10 0.172 -0.039 558.7 529 30.76 
                  
DH1.icrl (pBR322G/A) 37oC 0.66 0.1 9 0.469 0.015 745.4     
DH1.icrl (pBR322G/A) 37oC 0.66 0.1 9 0.51 0.019 802.6     
DH1.icrl (pBR322G/A) 37oC 0.66 0.1 10 0.546 0.017 782.2     
DH1.icrl (pBR322G/A) 37oC 0.68 0.1 10 0.486 0.017 671.0     
DH1.icrl (pBR322G/A) 37oC 0.68 0.1 12 0.365 0.013 419.4     
DH1.icrl (pBR322G/A) 37oC 0.68 0.1 10 0.522 0.021 713.6     
DH1.icrl (pBR322G/A) 37oC 0.7 0.1 9 0.449 0.027 637.7     
DH1.icrl (pBR322G/A) 37oC 0.7 0.1 9 0.401 0.03 553.2     
DH1.icrl (pBR322G/A) 37oC 0.7 0.1 10 0.486 0.043 586.8     
DH1.icrl (pBR322G/A) 37oC 0.4 0.1 11 0.134 -0.037 451.7     
DH1.icrl (pBR322G/A) 37oC 0.4 0.1 10 0.139 -0.037 509.4     
DH1.icrl (pBR322G/A) 37oC 0.4 0.1 9 0.124 -0.04 538.9     
DH1.icrl (pBR322G/A) 37oC 0.39 0.1 10 0.155 -0.036 559.0     
DH1.icrl (pBR322G/A) 37oC 0.39 0.1 9 0.137 -0.041 594.7     
DH1.icrl (pBR322G/A) 37oC 0.39 0.1 11 0.167 -0.036 536.1     
DH1.icrl (pBR322G/A) 37oC 0.43 0.1 10 0.151 -0.038 505.8     
DH1.icrl (pBR322G/A) 37oC 0.43 0.1 9 0.128 -0.038 502.6     
DH1.icrl (pBR322G/A) 37oC 0.43 0.1 9 0.155 -0.033 549.7 592 51.25 
                  
DH1.icrl (pBR322G/A) 42oC 0.2 0.1 8 0.201 -0.01 1365.6     
DH1.icrl (pBR322G/A) 42oC 0.2 0.1 10 0.308 -0.012 1645.0     
DH1.icrl (pBR322G/A) 42oC 0.2 0.1 9 0.191 -0.011 1168.1     
DH1.icrl (pBR322G/A) 42oC 0.19 0.1 9 0.235 -0.012 1497.1     
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DH1.icrl (pBR322G/A) 42oC 0.19 0.1 8 0.234 -0.009 1643.1     
DH1.icrl (pBR322G/A) 42oC 0.19 0.1 10 0.258 -0.01 1450.0     
DH1.icrl (pBR322G/A) 42oC 0.22 0.1 15 0.303 -0.008 960.6     
DH1.icrl (pBR322G/A) 42oC 0.22 0.1 12 0.223 -0.01 911.0     
DH1.icrl (pBR322G/A) 42oC 0.22 0.1 13 0.201 -0.009 757.9 1266 215.46 

 
                

DH1.icrl (pBR322!rom) 0.5 0.3 12 0.302 0.012 156.1     
DH1.icrl (pBR322!rom) 0.5 0.3 9 0.274 0.015 183.5     
DH1.icrl (pBR322!rom) 0.5 0.3 10 0.296 0.009 186.8     
DH1.icrl (pBR322!rom) 0.55 0.3 8 0.217 0.009 152.5     
DH1.icrl (pBR322!rom) 0.55 0.3 10 0.281 0.011 158.6     
DH1.icrl (pBR322!rom) 0.55 0.3 5 0.197 0.025 185.8     
DH1.icrl (pBR322!rom) 0.48 0.3 3 0.124 0.01 246.5     
DH1.icrl (pBR322!rom) 0.48 0.3 7 0.275 0.026 227.7     
DH1.icrl (pBR322!rom) 0.48 0.3 8 0.241 0.012 191.0 188 20.89 
                  
DH1.icrl (pQR499) 0.76 0.1 73 0.211 0.002 37.4     
DH1.icrl (pQR499) 0.76 0.1 73 0.202 0.002 35.8     
DH1.icrl (pQR499) 0.76 0.1 73 0.223 0.003 39.2     
DH1.icrl (pQR499) 0.8 0.1 73 0.21 0.001 35.7     
DH1.icrl (pQR499) 0.8 0.1 73 0.224 0.003 37.5     
DH1.icrl (pQR499) 0.8 0.1 73 0.245 0.002 41.4     
DH1.icrl (pQR499) 0.7 0.1 72 0.146 0.011 25.1     
DH1.icrl (pQR499) 0.7 0.1 73 0.178 0.007 32.4     
DH1.icrl (pQR499) 0.7 0.1 73 0.275 0.09 23.0     
DH1.icrl (pQR499) 0.62 0.1 37 1.025 0.131 346.9     
DH1.icrl (pQR499) 0.62 0.1 36 1.146 0.211 348.0     
DH1.icrl (pQR499) 0.62 0.1 20 0.61 0.096 356.5     
DH1.icrl (pQR499) 0.53 0.1 21 0.542 0.053 403.6     
DH1.icrl (pQR499) 0.53 0.1 19 0.533 0.054 435.5     
DH1.icrl (pQR499) 0.53 0.1 19 0.516 0.049 427.3     
DH1.icrl (pQR499) 0.56 0.1 20 0.525 0.119 282.8     
DH1.icrl (pQR499) 0.56 0.1 19 0.421 0.064 290.4     
DH1.icrl (pQR499) 0.56 0.1 37 0.801 0.16 251.4     
DH1.icrl (pQR499) 0.7 0.1 93 0.349 0.175 6.6     
DH1.icrl (pQR499) 0.7 0.1 93 0.346 0.172 6.9     
DH1.icrl (pQR499) 0.7 0.1 92 0.428 0.226 5.0     
DH1.icrl (pQR499) 0.49 0.1 93 0.411 0.225 3.8     
DH1.icrl (pQR499) 0.49 0.1 93 0.292 0.122 17.2     
DH1.icrl (pQR499) 0.59 0.1 93 0.303 0.15 7.4     
DH1.icrl (pQR499) 0.59 0.1 94 0.318 0.148 10.6     
DH1.icrl (pQR499) 0.59 0.1 93 0.375 0.199 4.9     
DH1.icrl (pQR499) 0.9 0.1 4 0.117 0.011 271.5     
DH1.icrl (pQR499) 0.9 0.1 8 0.164 0 227.8     
DH1.icrl (pQR499) 0.9 0.1 8 0.203 0.007 264.9     
DH1.icrl (pQR499) 0.94 0.1 8 0.184 0.004 235.4     
DH1.icrl (pQR499) 0.94 0.1 7 0.181 0.002 269.8     
DH1.icrl (pQR499) 0.94 0.1 7 0.202 0.002 301.7     
DH1.icrl (pQR499) 0.94 0.1 12 0.229 0.001 201.5     
DH1.icrl (pQR499) 0.94 0.1 9 0.215 0.006 241.7     
DH1.icrl (pQR499) 0.94 0.1 10 0.217 -0.002 234.6     
DH1.icrl (pQR499) 0.43 0.3 27 0.291 0.004 81.5     
DH1.icrl (pQR499) 0.43 0.3 25 0.281 0.001 86.6     
DH1.icrl (pQR499) 0.43 0.3 24 0.279 0.012 83.3     
DH1.icrl (pQR499) 0.41 0.3 25 0.255 0.003 81.2     
DH1.icrl (pQR499) 0.41 0.3 30 0.32 0.01 82.0     
DH1.icrl (pQR499) 0.41 0.3 22 0.243 -0.002 91.1     
DH1.icrl (pQR499) 0.42 0.3 27 0.254 0.002 73.6     
DH1.icrl (pQR499) 0.42 0.3 26 0.257 0.003 76.8     
DH1.icrl (pQR499) 0.44 0.1 62 0.187 0.007 64.1     
DH1.icrl (pQR499) 0.44 0.1 58 0.139 -0.019 67.5     
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DH1.icrl (pQR499) 0.44 0.1 61 0.186 0.014 60.2     
DH1.icrl (pQR499) 0.43 0.1 60 0.189 0.018 61.0     
DH1.icrl (pQR499) 0.43 0.1 61 0.16 -0.012 69.0     
DH1.icrl (pQR499) 0.43 0.1 60 0.183 0.008 65.5     
DH1.icrl (pQR499) 0.49 0.1 59 0.195 0 67.5     
DH1.icrl (pQR499) 0.49 0.1 58 0.166 -0.008 63.3     
DH1.icrl (pQR499) 0.49 0.1 57 0.192 0.003 66.9 135 35.31 
                  
DH1.icrl + IPTG 0.47 0.1 9 0.328 0.001 771.3     
DH1.icrl + IPTG 0.47 0.1 9 0.363 0.001 854.0     
DH1.icrl + IPTG 0.47 0.1 9 0.36 0.001 846.9     
DH1.icrl + IPTG 0.45 0.1 10 0.262 0.001 578.3     
DH1.icrl + IPTG 0.45 0.1 10 0.269 0.001 593.9     
DH1.icrl + IPTG 0.45 0.1 9 0.238 0.028 466.7     
DH1.icrl + IPTG 0.47 0.1 9 0.318 0.003 739.4     
DH1.icrl + IPTG 0.47 0.1 10 0.423 0.021 821.8     
DH1.icrl + IPTG 0.47 0.1 10 0.356 0.003 746.3     
DH1.icrl + IPTG 0.73 0.1 5 0.508 0.008 1353.4     
DH1.icrl + IPTG 0.73 0.1 7 0.692 0.007 1330.2     
DH1.icrl + IPTG 0.73 0.1 3 0.469 0.008 2077.6     
DH1.icrl + IPTG 0.62 0.1 5 0.374 0.005 1178.2     
DH1.icrl + IPTG 0.62 0.1 5 0.394 0.005 1242.7     
DH1.icrl + IPTG 0.62 0.1 6 0.449 0.005 1183.5     
DH1.icrl + IPTG 0.64 0.1 5 0.453 0.007 1377.3     
DH1.icrl + IPTG 0.64 0.1 5 0.399 0.005 1219.5     
DH1.icrl + IPTG 0.64 0.1 5 0.535 0.006 1639.1 1057 192.41 
                  
DH1.iprl 0.49 0.4 18 0.115 0.012 26.6     
DH1.iprl 0.49 0.4 18 0.105 0.007 26.3     
DH1.iprl 0.49 0.4 18 0.114 0.009 27.8     
DH1.iprl 0.47 0.4 18 0.106 0.005 28.7     
DH1.iprl 0.47 0.4 43 0.263 0.044 23.0     
DH1.iprl 0.47 0.4 42 0.246 0.042 21.8     
DH1.iprl 0.45 0.4 43 0.165 0.009 19.3     
DH1.iprl 0.45 0.4 42 0.224 0.007 28.0     
DH1.iprl 0.45 0.4 41 0.207 0.005 26.9     
DH1.iprl 0.85 0.3 11 0.217 0.007 73.0     
DH1.iprl 0.85 0.3 6 0.156 0.015 84.8     
DH1.iprl 0.85 0.3 11 0.231 0.006 78.6     
DH1.iprl 0.93 0.3 11 0.229 0.01 68.9     
DH1.iprl 0.93 0.3 11 0.259 0.014 76.4     
DH1.iprl 0.93 0.3 10 0.221 0.004 76.7     
DH1.iprl 0.41 0.3 23 0.166 0.002 57.4     
DH1.iprl 0.41 0.3 24 0.182 0.003 59.9     
DH1.iprl 0.41 0.3 24 0.185 0.006 59.1     
DH1.iprl 0.43 0.3 32 0.194 0.006 44.5     
DH1.iprl 0.43 0.3 24 0.156 -0.002 51.5     
DH1.iprl 0.43 0.3 26 0.171 0.007 47.3     
DH1.iprl 0.45 0.3 26 0.191 0.009 49.9     
DH1.iprl 0.45 0.3 22 0.156 -0.001 53.1     
DH1.iprl 0.45 0.3 24 0.169 0.001 51.6     
DH1.iprl 0.4 0.3 21 0.075 -0.071 79.1     
DH1.iprl 0.4 0.3 19 0.086 -0.045 72.3     
DH1.iprl 0.4 0.3 13 0.007 -0.078 92.0     
DH1.iprl 0.35 0.3 42 -0.051 -0.074 17.8     
DH1.iprl 0.35 0.3 42 -0.053 -0.076 18.1     
DH1.iprl 0.35 0.3 40 -0.061 -0.08 18.8     
DH1.iprl 0.42 0.3 40 0.015 -0.071 27.6     
DH1.iprl 0.42 0.3 40 0.017 -0.073 28.7     
DH1.iprl 0.64 0.3 15 0.172 0.017 49.4     
DH1.iprl 0.64 0.3 14 0.175 0.018 53.4     
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DH1.iprl 0.64 0.3 13 0.168 0.022 51.9     
DH1.iprl 0.52 0.3 13 0.139 0.016 54.7     
DH1.iprl 0.52 0.3 13 0.118 0.01 49.6     
DH1.iprl 0.52 0.3 13 0.152 0.016 61.1     
DH1.iprl 0.54 0.3 13 0.14 0.012 56.5     
DH1.iprl 0.54 0.3 14 0.14 0.012 52.5     
DH1.iprl 0.54 0.3 13 0.151 0.015 59.2 48.88 6.40 
                  
DH1.iprl (pSC101) 0.39 0.4 69 0.208 0 19.3     
DH1.iprl (pSC101) 0.39 0.4 70 0.161 0 14.7     
DH1.iprl (pSC101) 0.39 0.4 72 0.141 0 12.6     
DH1.iprl (pSC101) 0.58 0.4 71 0.133 0 8.1     
DH1.iprl (pSC101) 0.58 0.4 70 0.22 0 13.5     
DH1.iprl (pSC101) 0.58 0.4 71 0.222 0 13.5     
DH1.iprl (pSC101) 0.52 0.4 72 0.199 0 13.3     
DH1.iprl (pSC101) 0.52 0.4 71 0.212 0 14.4     
DH1.iprl (pSC101) 0.52 0.4 72 0.193 0 12.9     
DH1.iprl (pSC101) 0.36 0.3 49 0.073 0.009 10.8     
DH1.iprl (pSC101) 0.36 0.3 50 0.105 0.026 11.0     
DH1.iprl (pSC101) 0.36 0.3 52 0.065 0.002 11.0     
DH1.iprl (pSC101) 0.35 0.3 49 0.099 0.027 10.1     
DH1.iprl (pSC101) 0.35 0.3 51 0.091 0.019 10.8     
DH1.iprl (pSC101) 0.35 0.3 55 0.074 0.009 10.1     
DH1.iprl (pSC101) 0.36 0.3 53 0.066 0.005 10.0     
DH1.iprl (pSC101) 0.36 0.3 54 0.115 0.033 9.8     
DH1.iprl (pSC101) 0.36 0.3 54 0.09 0.02 9.4     
DH1.iprl (pSC101) 0.32 0.3 40 -0.058 -0.076 19.5     
DH1.iprl (pSC101) 0.32 0.3 40 -0.051 -0.072 19.5     
DH1.iprl (pSC101) 0.32 0.3 40 -0.064 -0.077 18.4     
DH1.iprl (pSC101) 0.32 0.3 41 -0.056 -0.074 18.7     
DH1.iprl (pSC101) 0.32 0.3 41 -0.051 -0.072 19.1     
DH1.iprl (pSC101) 0.32 0.3 41 -0.049 -0.072 19.6     
DH1.iprl (pSC101) 0.36 0.3 41 -0.053 -0.073 16.9     
DH1.iprl (pSC101) 0.36 0.3 40 -0.051 -0.073 17.8     
DH1.iprl (pSC101) 0.36 0.3 39 -0.063 -0.079 17.9 14.17 1.46 
                  
DH1.iprl (pBR322) 0.64 0.1 25 0.479 0.005 293.9     
DH1.iprl (pBR322) 0.64 0.1 26 0.508 0.004 301.1     
DH1.iprl (pBR322) 0.64 0.1 25 0.497 0.005 305.2     
DH1.iprl (pBR322) 0.64 0.1 24 0.486 0.005 310.7     
DH1.iprl (pBR322) 0.64 0.1 25 0.488 0.005 299.5     
DH1.iprl (pBR322) 0.6 0.1 24 0.447 0.004 305.6     
DH1.iprl (pBR322) 0.6 0.1 25 0.488 0.009 314.8     
DH1.iprl (pBR322) 0.6 0.1 24 0.462 0.004 316.0     
DH1.iprl (pBR322) 0.88 0.1 30 0.092 0.004 32.2     
DH1.iprl (pBR322) 0.88 0.1 25 0.1 0.007 39.9     
DH1.iprl (pBR322) 0.88 0.1 25 0.091 -0.001 42.2     
DH1.iprl (pBR322) 0.41 0.1 64 0.102 0.018 26.9     
DH1.iprl (pBR322) 0.41 0.1 64 0.108 0.02 27.8     
DH1.iprl (pBR322) 0.41 0.1 65 0.088 0.006 29.1     
DH1.iprl (pBR322) 0.49 0.1 54 0.079 0.003 27.9     
DH1.iprl (pBR322) 0.49 0.1 53 0.094 0.011 28.8     
DH1.iprl (pBR322) 0.49 0.1 64 0.178 0.051 28.3     
DH1.iprl (pBR322) 0.42 0.1 64 0.075 0.001 27.3     
DH1.iprl (pBR322) 0.42 0.1 64 0.172 0.054 28.8     
DH1.iprl (pBR322) 0.42 0.1 65 0.147 0.042 26.9     
DH1.iprl (pBR322) 0.38 0.1 106 0.04 -0.007 13.0     
DH1.iprl (pBR322) 0.38 0.1 58 0.091 0.001 40.5     
DH1.iprl (pBR322) 0.38 0.1 106 0.035 -0.012 13.9     
DH1.iprl (pBR322) 0.42 0.1 107 0.054 -0.002 12.8     
DH1.iprl (pBR322) 0.42 0.1 109 0.067 0.002 13.9     
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DH1.iprl (pBR322) 0.42 0.1 109 0.063 0 13.8     
DH1.iprl (pBR322) 0.43 0.1 105 0.034 -0.011 11.8     
DH1.iprl (pBR322) 0.43 0.1 105 0.042 -0.012 14.0     
DH1.iprl (pBR322) 0.43 0.1 110 0.087 0.009 15.1     
DH1.iprl (pBR322) 0.38 0.1 35 -0.019 -0.058 62.0     
DH1.iprl (pBR322) 0.38 0.1 37 0.024 -0.034 59.4     
DH1.iprl (pBR322) 0.38 0.1 38 0.011 -0.042 58.5     
DH1.iprl (pBR322) 0.41 0.1 36 0.05 -0.041 82.5     
DH1.iprl (pBR322) 0.41 0.1 35 0.02 -0.061 88.3     
DH1.iprl (pBR322) 0.41 0.1 36 0.031 -0.053 83.8     
DH1.iprl (pBR322) 0.44 0.1 33 0.014 -0.056 77.1     
DH1.iprl (pBR322) 0.44 0.1 35 0.017 -0.059 78.1     
DH1.iprl (pBR322) 0.44 0.1 36 0.031 -0.045 69.3     
DH1.iprl (pBR322) 0.5 0.3 14 0.104 0.03 24.5     
DH1.iprl (pBR322) 0.5 0.3 14 0.074 0.014 23.6     
DH1.iprl (pBR322) 0.5 0.3 14 0.07 0.012 23.3     
DH1.iprl (pBR322) 0.44 0.3 12 0.113 0.008 62.5     
DH1.iprl (pBR322) 0.44 0.3 13 0.119 0.007 62.2     
DH1.iprl (pBR322) 0.44 0.3 12 0.126 0.008 70.7 88.35 31.34 
                  
DH1.iprl (pBR322G/A) 37oC 0.41 0.1 52 0.298 0.008 133.2     
DH1.iprl (pBR322G/A) 37oC 0.41 0.1 49 0.273 0.011 126.3     
DH1.iprl (pBR322G/A) 37oC 0.41 0.1 49 0.255 0.011 117.3     
DH1.iprl (pBR322G/A) 37oC 0.4 0.1 49 0.276 0.018 124.7     
DH1.iprl (pBR322G/A) 37oC 0.4 0.1 47 0.29 0.011 144.0     
DH1.iprl (pBR322G/A) 37oC 0.4 0.1 48 0.267 0.011 129.0     
DH1.iprl (pBR322G/A) 37oC 0.33 0.2 159 0.111 0.025 6.4     
DH1.iprl (pBR322G/A) 37oC 0.33 0.2 158 0.126 0.037 5.9     
DH1.iprl (pBR322G/A) 37oC 0.33 0.2 157 0.106 0.021 6.7     
DH1.iprl (pBR322G/A) 37oC 0.34 0.2 157 0.103 0.015 7.2     
DH1.iprl (pBR322G/A) 37oC 0.34 0.2 157 0.071 0.008 5.3     
DH1.iprl (pBR322G/A) 37oC 0.34 0.2 156 0.089 0.014 6.1     
DH1.iprl (pBR322G/A) 37oC 0.35 0.2 157 0.13 0.029 7.2     
DH1.iprl (pBR322G/A) 37oC 0.35 0.2 155 0.118 0.029 6.2     
DH1.iprl (pBR322G/A) 37oC 0.35 0.2 160 0.128 0.031 6.6     
DH1.iprl (pBR322G/A) 37oC 0.41 0.3 26 0.03 -0.053 38.4     
DH1.iprl (pBR322G/A) 37oC 0.41 0.3 26 0.097 -0.001 30.9     
DH1.iprl (pBR322G/A) 37oC 0.41 0.3 25 0.173 0.047 29.5     
DH1.iprl (pBR322G/A) 37oC 0.36 0.3 25 0.115 0.012 34.8     
DH1.iprl (pBR322G/A) 37oC 0.36 0.3 24 0.115 0.014 34.9     
DH1.iprl (pBR322G/A) 37oC 0.36 0.3 25 0.101 0.006 33.5     
DH1.iprl (pBR322G/A) 37oC 0.4 0.3 24 0.161 0.058 20.7     
DH1.iprl (pBR322G/A) 37oC 0.4 0.3 24 0.142 0.034 28.6     
DH1.iprl (pBR322G/A) 37oC 0.4 0.3 24 0.154 0.06 17.0     
DH1.iprl (pBR322G/A) 37oC 0.33 0.3 35 0.1844 0.0306 37.8     
DH1.iprl (pBR322G/A) 37oC 0.33 0.3 35 0.1443 0.043 19.9     
DH1.iprl (pBR322G/A) 37oC 0.33 0.3 36 0.0959 0.0159 19.1     
DH1.iprl (pBR322G/A) 37oC 0.33 0.3 35 0.1224 0.0246 22.9     
DH1.iprl (pBR322G/A) 37oC 0.33 0.3 34 0.1205 0.0172 26.9     
DH1.iprl (pBR322G/A) 37oC 0.33 0.3 34 0.1721 0.0495 25.4     
DH1.iprl (pBR322G/A) 37oC 0.49 0.1 35 0.059 0.01 24.2     
DH1.iprl (pBR322G/A) 37oC 0.49 0.1 35 0.068 0.015 24.3     
DH1.iprl (pBR322G/A) 37oC 0.49 0.1 63 0.082 0.017 16.9     
DH1.iprl (pBR322G/A) 37oC 0.4 0.1 51 0.08 0.016 25.5     
DH1.iprl (pBR322G/A) 37oC 0.4 0.1 34 0.063 0.01 33.5     
DH1.iprl (pBR322G/A) 37oC 0.4 0.1 40 0.07 0.014 28.4     
DH1.iprl (pBR322G/A) 37oC 0.46 0.1 36 0.064 0.012 26.0     
DH1.iprl (pBR322G/A) 37oC 0.46 0.1 35 0.067 0.011 29.7     
DH1.iprl (pBR322G/A) 37oC 0.46 0.1 30 0.082 0.026 26.4     
DH1.iprl (pBR322G/A) 37oC 0.39 0.1 66 0.107 0.013 32.7     
DH1.iprl (pBR322G/A) 37oC 0.39 0.1 65 0.086 0.005 30.5     
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DH1.iprl (pBR322G/A) 37oC 0.39 0.1 63 0.158 0.045 32.3     
DH1.iprl (pBR322G/A) 37oC 0.34 0.1 67 0.104 0.013 35.7     
DH1.iprl (pBR322G/A) 37oC 0.34 0.1 66 0.198 0.066 36.8     
DH1.iprl (pBR322G/A) 37oC 0.34 0.1 65 0.103 0.018 32.4     
DH1.iprl (pBR322G/A) 37oC 0.35 0.1 61 0.217 0.081 35.2     
DH1.iprl (pBR322G/A) 37oC 0.35 0.1 61 0.201 0.07 36.8     
DH1.iprl (pBR322G/A) 37oC 0.35 0.1 61 0.242 0.094 36.3     
DH1.iprl (pBR322G/A) 37oC 0.38 0.1 108 0.042 -0.005 12.4     
DH1.iprl (pBR322G/A) 37oC 0.38 0.1 109 0.036 -0.01 12.9     
DH1.iprl (pBR322G/A) 37oC 0.38 0.1 110 0.047 -0.006 13.8     
DH1.iprl (pBR322G/A) 37oC 0.46 0.1 106 0.035 -0.012 11.5     
DH1.iprl (pBR322G/A) 37oC 0.46 0.1 106 0.04 -0.008 11.1     
DH1.iprl (pBR322G/A) 37oC 0.38 0.1 105 0.036 -0.007 12.1     
DH1.iprl (pBR322G/A) 37oC 0.38 0.1 107 0.046 -0.004 13.0     
DH1.iprl (pBR322G/A) 37oC 0.38 0.1 107 0.055 0.003 12.2 33.84 9.16 
                  
DH1.iprl (pBR322G/A) 42oC 0.3 0.1 141 0.072 0.015 10.8     
DH1.iprl (pBR322G/A) 42oC 0.3 0.1 142 0.053 0.006 10.0     
DH1.iprl (pBR322G/A) 42oC 0.3 0.1 143 0.07 0.014 10.6     
DH1.iprl (pBR322G/A) 42oC 0.29 0.1 143 0.057 0.009 9.9     
DH1.iprl (pBR322G/A) 42oC 0.29 0.1 148 0.056 0.005 11.0     
DH1.iprl (pBR322G/A) 42oC 0.29 0.1 147 0.065 0.015 9.1     
DH1.iprl (pBR322G/A) 42oC 0.39 0.1 143 0.065 0.01 8.5     
DH1.iprl (pBR322G/A) 42oC 0.39 0.1 146 0.066 0.015 7.0     
DH1.iprl (pBR322G/A) 42oC 0.39 0.1 140 0.066 0.009 9.2 9.57 0.84 

 
                

DH1.iprl (pBR322!rom) 1.15 0.3 25 0.124 0.013 11.7     
DH1.iprl (pBR322!rom) 1.15 0.3 28 0.133 0.014 11.2     
DH1.iprl (pBR322!rom) 1.15 0.3 29 0.116 0.019 8.3     
DH1.iprl (pBR322!rom) 1.14 0.3 27 0.107 0.005 10.6     
DH1.iprl (pBR322!rom) 1.14 0.3 20 0.088 0.006 11.3     
DH1.iprl (pBR322!rom) 1.14 0.3 28 0.1 0.001 10.3     
DH1.iprl (pBR322!rom) 0.94 0.3 29 0.111 0.014 10.6     
DH1.iprl (pBR322!rom) 0.94 0.3 29 0.117 0.004 13.5     
DH1.iprl (pBR322!rom) 0.94 0.3 30 0.105 0.004 11.6 11.01 0.91 
                  
DH1.iprl (pQR499) 0.61 0.1 71 0.043 0.005 7.9     
DH1.iprl (pQR499) 0.61 0.1 70 0.055 0.009 9.2     
DH1.iprl (pQR499) 0.61 0.1 70 0.047 0.003 9.8     
DH1.iprl (pQR499) 0.94 0.1 33 0.062 0.003 18.3     
DH1.iprl (pQR499) 0.94 0.1 24 0.051 0 22.6     
DH1.iprl (pQR499) 0.94 0.1 33 0.058 0 18.7     
DH1.iprl (pQR499) 0.92 0.1 31 0.063 0.001 21.5     
DH1.iprl (pQR499) 0.92 0.1 31 0.063 0.006 18.4     
DH1.iprl (pQR499) 0.92 0.1 21 0.058 0.004 26.4     
DH1.iprl (pQR499) 0.71 0.1 29 0.061 0.007 23.7     
DH1.iprl (pQR499) 0.71 0.1 29 0.052 0 25.3     
DH1.iprl (pQR499) 0.71 0.1 29 0.066 0.008 25.3     
DH1.iprl (pQR499) 0.46 0.1 60 0.185 0.063 27.1     
DH1.iprl (pQR499) 0.46 0.1 54 0.1 0.009 33.9     
DH1.iprl (pQR499) 0.46 0.1 53 0.11 0.019 31.5     
DH1.iprl (pQR499) 0.43 0.1 55 0.098 0.018 28.1     
DH1.iprl (pQR499) 0.43 0.1 54 0.126 0.034 28.6     
DH1.iprl (pQR499) 0.43 0.1 60 0.165 0.055 26.6     
DH1.iprl (pQR499) 0.47 0.1 60 0.195 0.06 31.9     
DH1.iprl (pQR499) 0.47 0.1 60 0.133 0.024 32.3     
DH1.iprl (pQR499) 0.47 0.1 57 0.102 0.013 29.6 23.65 3.26 
                  
DH1.iprl + IPTG 0.44 0.1 5 0.171 0.001 769.3     
DH1.iprl + IPTG 0.44 0.1 4 0.153 0.003 839.5     
DH1.iprl + IPTG 0.44 0.1 5 0.148 0.001 664.8     
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DH1.iprl + IPTG 0.46 0.1 4 0.14 0.001 751.4     
DH1.iprl + IPTG 0.46 0.1 8 0.205 0.003 542.8     
DH1.iprl + IPTG 0.46 0.1 5 0.164 0.002 697.8     
DH1.iprl + IPTG 0.48 0.1 6 0.178 0.002 605.9     
DH1.iprl + IPTG 0.48 0.1 5 0.18 0.001 742.7     
DH1.iprl + IPTG 0.48 0.1 5 0.155 0.003 624.0     
DH1.iprl + IPTG 0.4 0.1 10 0.143 -0.066 646.3     
DH1.iprl + IPTG 0.4 0.1 11 0.126 -0.075 584.7     
DH1.iprl + IPTG 0.4 0.1 11 0.134 -0.073 594.9     
DH1.iprl + IPTG 0.42 0.1 9 0.238 -0.071 958.3     
DH1.iprl + IPTG 0.42 0.1 9 0.239 -0.071 961.0     
DH1.iprl + IPTG 0.42 0.1 10 0.246 -0.067 864.9 723.21 67.69 
                  
DH1.ripl 0.54 0.4 3 0.388 0.009 574.5     
DH1.ripl 0.54 0.4 2 0.415 0.013 908.0     
DH1.ripl 0.54 0.4 2 0.429 0.023 899.9     
DH1.ripl 0.52 0.4 5 0.134 0.003 123.8     
DH1.ripl 0.52 0.4 3 0.493 0.009 764.8     
DH1.ripl 0.53 0.4 6 0.271 0.004 207.5     
DH1.ripl 0.53 0.4 6 1.09 0.012 840.4     
DH1.ripl 0.53 0.4 8 1.31 0.014 758.0     
DH1.ripl 0.63 0.1 11 1.06 0.049 1405.8     
DH1.ripl 0.63 0.1 11 1.086 0.056 1425.7     
DH1.ripl 0.63 0.1 11 1.127 0.081 1421.7     
DH1.ripl 0.66 0.1 11 1.203 0.067 1495.5     
DH1.ripl 0.66 0.1 10 1.124 0.085 1477.7     
DH1.ripl 0.66 0.1 11 1.182 0.063 1476.2     
DH1.ripl 0.61 0.1 11 1.095 0.057 1483.2     
DH1.ripl 0.61 0.1 11 1.12 0.061 1510.1     
DH1.ripl 0.61 0.1 11 1.052 0.058 1416.5     
DH1.ripl 0.68 0.3 3 1.629 0.543 1109.1     
DH1.ripl 0.68 0.3 3 1.071 0.038 1641.3     
DH1.ripl 0.73 0.3 3 1.1 0.055 1527.8     
DH1.ripl 0.73 0.3 3 1.257 0.064 1742.8     
DH1.ripl 0.73 0.3 2 0.922 0.038 1953.2     
DH1.ripl 0.67 0.3 1 0.593 0.04 2602.0     
DH1.ripl 0.67 0.3 2 0.6 0.037 1331.5     
DH1.ripl 0.67 0.3 2 0.683 0.041 1520.5     
DH1.ripl 0.46 0.3 1 0.397 0.014 2699.3     
DH1.ripl 0.46 0.3 2 0.512 0.01 1791.7     
DH1.ripl 0.46 0.3 2 0.514 0.017 1754.5     
DH1.ripl 0.56 0.3 1 0.315 0.011 1760.4     
DH1.ripl 0.56 0.3 1 0.406 0.034 2062.5     
DH1.ripl 0.56 0.3 2 0.633 0.015 1805.8     
DH1.ripl 0.46 0.1 5 0.389 -0.002 1706.5     
DH1.ripl 0.46 0.1 5 0.395 -0.001 1725.0     
DH1.ripl 0.46 0.1 6 0.458 -0.001 1665.8     
DH1.ripl 0.46 0.1 3 0.218 -0.006 1655.8     
DH1.ripl 0.46 0.1 4 0.347 0.001 1876.4     
DH1.ripl 0.46 0.1 8 0.612 0.01 1615.5     
DH1.ripl 0.41 0.1 8 0.496 0.001 1506.9     
DH1.ripl 0.41 0.1 7 0.487 0.022 1562.7     
DH1.ripl 0.41 0.1 9 0.514 0.004 1374.0 1455 162.10 
                  
DH1.ripl (pSC101) 0.47 0.4 9 1.158 0.036 647.2     
DH1.ripl (pSC101) 0.47 0.4 9 1.37 0.04 768.3     
DH1.ripl (pSC101) 0.47 0.4 9 0.904 0.04 492.9     
DH1.ripl (pSC101) 0.46 0.4 10 1.258 0.042 643.8     
DH1.ripl (pSC101) 0.46 0.4 10 1.234 0.041 631.7     
DH1.ripl (pSC101) 0.46 0.4 9 1.361 0.043 776.4     
DH1.ripl (pSC101) 0.44 0.1 19 0.842 0.057 887.9     
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DH1.ripl (pSC101) 0.44 0.1 18 0.741 0.053 818.5     
DH1.ripl (pSC101) 0.44 0.1 20 1.07 0.105 1007.1     
DH1.ripl (pSC101) 0.55 0.1 16 0.947 0.032 1012.5     
DH1.ripl (pSC101) 0.55 0.1 18 1.153 0.066 1048.0     
DH1.ripl (pSC101) 0.55 0.1 15 1.008 0.055 1105.2     
DH1.ripl (pSC101) 0.48 0.3 1 0.27 0.02 1631.9     
DH1.ripl (pSC101) 0.48 0.3 1 0.27 0.036 1437.5     
DH1.ripl (pSC101) 0.48 0.3 1 0.21 0.018 1239.6     
DH1.ripl (pSC101) 0.46 0.3 3 0.495 0.017 1123.8     
DH1.ripl (pSC101) 0.46 0.3 1 0.336 0.01 2308.0     
DH1.ripl (pSC101) 0.46 0.3 2 0.568 0.018 1943.8     
DH1.ripl (pSC101) 0.37 0.3 2 0.364 0.018 1497.7     
DH1.ripl (pSC101) 0.37 0.3 2 0.254 0.04 828.8     
DH1.ripl (pSC101) 0.37 0.3 2 0.277 0.021 1082.2     
DH1.ripl (pSC101) 0.39 0.1 8 0.311 0 996.8     
DH1.ripl (pSC101) 0.39 0.1 9 0.281 -0.003 815.5     
DH1.ripl (pSC101) 0.39 0.1 9 0.285 -0.002 821.9     
DH1.ripl (pSC101) 0.41 0.1 8 0.284 0.016 780.5     
DH1.ripl (pSC101) 0.41 0.1 8 0.271 0.002 815.5     
DH1.ripl (pSC101) 0.41 0.1 7 0.28 0.018 865.9 1038 156.62 
                  
DH1.ripl (pBR322) 0.62 0.1 8 1.272 0.009 2532.8     
DH1.ripl (pBR322) 0.62 0.1 8 1.199 0.007 2392.6     
DH1.ripl (pBR322) 0.62 0.1 8 1.167 0.014 2303.4     
DH1.ripl (pBR322) 0.61 0.1 9 1.159 0.008 2085.6     
DH1.ripl (pBR322) 0.61 0.1 9 1.289 0.009 2319.2     
DH1.ripl (pBR322) 0.61 0.1 8 1.236 0.01 2496.9     
DH1.ripl (pBR322) 0.63 0.1 8 1.293 0.013 2520.3     
DH1.ripl (pBR322) 0.63 0.1 8 1.262 0.011 2465.8     
DH1.ripl (pBR322) 0.63 0.1 8 1.208 0.01 2362.1     
DH1.ripl (pBR322) 0.61 0.1 15 1.425 0.07 1423.5     
DH1.ripl (pBR322) 0.61 0.1 14 1.45 0.042 1611.8     
DH1.ripl (pBR322) 0.61 0.1 15 1.674 0.045 1743.4     
DH1.ripl (pBR322) 0.52 0.1 16 1.514 0.051 1712.4     
DH1.ripl (pBR322) 0.52 0.1 12 1.292 0.084 1834.9     
DH1.ripl (pBR322) 0.52 0.1 12 1.241 0.091 1733.6     
DH1.ripl (pBR322) 0.61 0.1 13 1.569 0.06 1846.2     
DH1.ripl (pBR322) 0.61 0.1 14 1.562 0.069 1687.6     
DH1.ripl (pBR322) 0.61 0.1 14 1.409 0.072 1502.3 2032 180.16 
                  
DH1.ripl (pBR322G/A) 37oC 0.6 0.1 8 1.325 0.016 2702.1     
DH1.ripl (pBR322G/A) 37oC 0.6 0.1 7 1.367 0.02 3171.4     
DH1.ripl (pBR322G/A) 37oC 0.6 0.1 6 1.274 0.02 3441.7     
DH1.ripl (pBR322G/A) 37oC 0.74 0.1 6 1.378 0.039 2949.9     
DH1.ripl (pBR322G/A) 37oC 0.74 0.1 5 1.102 0.017 2898.0     
DH1.ripl (pBR322G/A) 37oC 0.74 0.1 4 0.64 0.05 1866.6     
DH1.ripl (pBR322G/A) 37oC 0.68 0.1 3 0.599 0.024 2730.4     
DH1.ripl (pBR322G/A) 37oC 0.68 0.1 3 0.616 0.019 2856.6     
DH1.ripl (pBR322G/A) 37oC 0.68 0.1 4 0.656 0.056 2051.5 2741 326.63 
                  
DH1.ripl (pBR322G/A) 42oC 0.29 0.1 10 0.487 -0.009 1733.6     
DH1.ripl (pBR322G/A) 42oC 0.29 0.1 13 0.594 -0.005 1598.8     
DH1.ripl (pBR322G/A) 42oC 0.29 0.1 10 0.46 -0.008 1634.5     
DH1.ripl (pBR322G/A) 42oC 0.24 0.1 5 0.4 0.001 3318.8     
DH1.ripl (pBR322G/A) 42oC 0.24 0.1 10 0.945 -0.003 3959.4     
DH1.ripl (pBR322G/A) 42oC 0.24 0.1 5 0.364 0.003 2989.6     
DH1.ripl (pBR322G/A) 42oC 0.24 0.1 6 0.446 -0.005 3158.0     
DH1.ripl (pBR322G/A) 42oC 0.24 0.1 10 1.036 -0.001 4324.0     
DH1.ripl (pBR322G/A) 42oC 0.24 0.1 5 0.315 -0.007 2727.1 2827 654.83 
                  
DH1.ripl (pBR322!rom) 0.51 0.3 1 0.351 0.008 2202.6     
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DH1.ripl (pBR322!rom) 0.51 0.3 2 0.567 0.019 1744.3     
DH1.ripl (pBR322!rom) 0.51 0.3 1 0.303 0.019 1763.1     
DH1.ripl (pBR322!rom) 0.57 0.3 1 0.38 0.035 1864.0     
DH1.ripl (pBR322!rom) 0.57 0.3 1 0.471 0.021 2539.5     
DH1.ripl (pBR322!rom) 0.57 0.3 1 0.322 0.021 1668.1     
DH1.ripl (pBR322!rom) 0.54 0.3 1 0.216 0.013 1192.9     
DH1.ripl (pBR322!rom) 0.54 0.3 1 0.378 0.024 2074.1     
DH1.ripl (pBR322!rom) 0.54 0.3 1 0.343 0.015 1955.2 1889 245.63 
                  
DH1.ripl (pQR499) 0.76 0.1 9 1.23 0.011 1770.1     
DH1.ripl (pQR499) 0.76 0.1 9 1.384 0.009 2000.4     
DH1.ripl (pQR499) 0.76 0.1 9 1.314 0.01 1895.5     
DH1.ripl (pQR499) 0.77 0.1 8 1.177 0.012 1876.6     
DH1.ripl (pQR499) 0.77 0.1 8 1.302 0.009 2088.1     
DH1.ripl (pQR499) 0.77 0.1 8 1.163 0.011 1856.7     
DH1.ripl (pQR499) 0.81 0.1 9 1.379 0.01 1867.6     
DH1.ripl (pQR499) 0.81 0.1 9 1.321 0.01 1788.1     
DH1.ripl (pQR499) 0.81 0.1 9 1.416 0.011 1916.0     
DH1.ripl (pQR499) 0.27 0.1 15 0.504 0.04 1071.6     
DH1.ripl (pQR499) 0.27 0.1 14 0.488 0.035 1129.0     
DH1.ripl (pQR499) 0.27 0.1 11 0.385 0.035 1090.1     
DH1.ripl (pQR499) 0.54 0.1 14 1.318 0.045 1639.2     
DH1.ripl (pQR499) 0.54 0.1 6 0.749 0.053 2025.5     
DH1.ripl (pQR499) 0.54 0.1 7 0.65 0.049 1492.7     
DH1.ripl (pQR499) 0.69 0.1 8 0.869 0.061 1380.9     
DH1.ripl (pQR499) 0.69 0.1 8 0.834 0.031 1412.6     
DH1.ripl (pQR499) 0.69 0.1 8 1.046 0.075 1657.2 1664 151.62 
                  
DH1.ripl + IPTG 0.36 0.1 9 0.385 0.005 1161.3     
DH1.ripl + IPTG 0.36 0.1 9 0.437 0.012 1284.0     
DH1.ripl + IPTG 0.36 0.1 9 0.402 0.003 1224.5     
DH1.ripl + IPTG 0.51 0.1 9 0.453 0.013 937.4     
DH1.ripl + IPTG 0.51 0.1 8 0.394 0.004 948.5     
DH1.ripl + IPTG 0.51 0.1 15 0.119 0.003 148.7     
DH1.ripl + IPTG 0.51 0.1 8 0.493 0.005 1186.9     
DH1.ripl + IPTG 0.51 0.1 16 0.124 0.003 145.5     
DH1.ripl + IPTG 0.51 0.1 9 0.606 0.16 710.2     
DH1.ripl + IPTG 0.7 0.1 8 0.919 0.011 1606.7     
DH1.ripl + IPTG 0.7 0.1 9 1.043 0.015 1613.9     
DH1.ripl + IPTG 0.7 0.1 4 0.493 0.011 1692.0     
DH1.ripl + IPTG 0.66 0.1 7 0.855 0.016 1790.0     
DH1.ripl + IPTG 0.66 0.1 6 0.797 0.014 1950.8     
DH1.ripl + IPTG 0.66 0.1 7 0.9 0.013 1898.8     
DH1.ripl + IPTG 0.72 0.1 4 0.499 0.021 1605.0     
DH1.ripl + IPTG 0.72 0.1 9 1.243 0.098 1653.5     
DH1.ripl + IPTG 0.72 0.1 9 0.975 0.01 1477.6 1280 248.27 
                  
DH1.ricl 0.68 0.4 75 0.192 0.064 3.9     
DH1.ricl 0.68 0.4 76 0.183 0.063 3.5     
DH1.ricl 0.68 0.4 76 0.176 0.068 2.8     
DH1.ricl 0.71 0.4 75 0.177 0.069 2.6     
DH1.ricl 0.71 0.4 77 0.201 0.071 3.5     
DH1.ricl 0.71 0.4 76 0.238 0.08 4.5     
DH1.ricl 0.7 0.4 76 0.22 0.094 2.6     
DH1.ricl 0.7 0.4 76 0.1 0.04 1.4     
DH1.ricl 0.7 0.4 77 0.188 0.08 2.2     
DH1.ricl 0.46 0.4 49 0.316 0.074 20.7     
DH1.ricl 0.46 0.4 50 0.425 0.088 29.5     
DH1.ricl 0.46 0.4 50 0.368 0.061 28.4     
DH1.ricl 0.52 0.4 50 0.34 0.048 24.6     
DH1.ricl 0.52 0.4 49 0.301 0.04 22.7     
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DH1.ricl 0.52 0.4 49 0.314 0.041 23.8     
DH1.ricl 0.51 0.4 49 0.332 0.043 25.7     
DH1.ricl 0.51 0.4 50 0.343 0.04 26.8     
DH1.ricl 0.51 0.4 49 0.346 0.038 28.0     
DH1.ricl 0.52 0.3 20 0.124 0.013 32.5     
DH1.ricl 0.52 0.3 20 0.139 0.01 38.9     
DH1.ricl 0.52 0.3 19 0.134 0.013 37.5     
DH1.ricl 0.6 0.3 27 0.157 0.013 27.6     
DH1.ricl 0.6 0.3 26 0.174 0.028 26.7     
DH1.ricl 0.6 0.3 27 0.183 0.026 28.3     
DH1.ricl 0.57 0.3 29 0.159 0.017 26.1     
DH1.ricl 0.57 0.3 28 0.202 0.037 28.7     
DH1.ricl 0.57 0.3 28 0.201 0.039 27.7 19.67 4.74 
                  
DH1.ricl (pSC101) 0.45 0.3 31 0.358 0.031 72.6     
DH1.ricl (pSC101) 0.45 0.3 31 0.415 0.051 77.8     
DH1.ricl (pSC101) 0.45 0.3 31 0.395 0.038 78.5     
DH1.ricl (pSC101) 0.5 0.3 152 0.417 0.046 14.8     
DH1.ricl (pSC101) 0.5 0.3 147 0.403 0.05 14.3     
DH1.ricl (pSC101) 0.5 0.3 146 0.421 0.044 15.7     
DH1.ricl (pSC101) 0.59 0.3 146 0.49 0.046 15.8     
DH1.ricl (pSC101) 0.59 0.3 128 0.481 0.049 17.4     
DH1.ricl (pSC101) 0.59 0.3 148 0.483 0.069 13.8     
DH1.ricl (pSC101) 0.43 0.4 47 0.483 0.069 44.8     
DH1.ricl (pSC101) 0.43 0.4 67 0.483 0.069 31.4     
DH1.ricl (pSC101) 0.43 0.4 45 0.483 0.069 46.8     
DH1.ricl (pSC101) 0.5 0.4 47 0.483 0.069 38.5     
DH1.ricl (pSC101) 0.5 0.4 46 0.483 0.069 39.4     
DH1.ricl (pSC101) 0.5 0.4 46 0.483 0.069 39.4     
DH1.ricl (pSC101) 0.48 0.4 46 0.483 0.069 41.0     
DH1.ricl (pSC101) 0.48 0.4 45 0.483 0.069 41.9     
DH1.ricl (pSC101) 0.48 0.4 45 0.483 0.069 41.9 38.11 9.85 
                  
DH1.ricl (pBR322) 0.64 0.1 147 0.111 0.012 9.6     
DH1.ricl (pBR322) 0.64 0.1 126 0.103 0.031 6.0     
DH1.ricl (pBR322) 0.64 0.1 126 0.067 0.014 5.3     
DH1.ricl (pBR322) 0.67 0.1 129 0.051 0.004 5.1     
DH1.ricl (pBR322) 0.67 0.1 149 0.115 0.016 8.7     
DH1.ricl (pBR322) 0.67 0.1 128 0.091 0.011 8.4     
DH1.ricl (pBR322) 0.7 0.1 128 0.146 0.078 1.1     
DH1.ricl (pBR322) 0.7 0.1 130 0.09 0.013 7.4     
DH1.ricl (pBR322) 0.7 0.1 131 0.112 0.013 9.7     
DH1.ricl (pBR322) 0.69 0.1 60 0.036 0.009 4.9     
DH1.ricl (pBR322) 0.69 0.1 60 0.035 0.009 4.6     
DH1.ricl (pBR322) 0.69 0.1 61 0.035 0.01 4.2     
DH1.ricl (pBR322) 0.64 0.1 58 0.037 0.01 5.3     
DH1.ricl (pBR322) 0.64 0.1 58 0.031 0.006 5.5     
DH1.ricl (pBR322) 0.64 0.1 59 0.038 0.009 5.9     
DH1.ricl (pBR322) 0.76 0.1 63 0.041 0.011 4.5     
DH1.ricl (pBR322) 0.76 0.1 76 0.071 0.017 7.1     
DH1.ricl (pBR322) 0.76 0.1 76 0.058 0.018 15.5     
DH1.ricl (pBR322) 0.6 0.1 62 0.102 0.008 5.4     
DH1.ricl (pBR322) 0.6 0.1 64 0.112 0.01 5.0     
DH1.ricl (pBR322) 0.6 0.1 65 0.12 0.016 4.5     
DH1.ricl (pBR322) 0.5 0.1 65 0.082 0.006 6.0     
DH1.ricl (pBR322) 0.5 0.1 64 0.092 0.012 6.4     
DH1.ricl (pBR322) 0.5 0.1 65 0.092 0.01 6.8     
DH1.ricl (pBR322) 0.5 0.1 61 0.101 0.012 7.1     
DH1.ricl (pBR322) 0.5 0.1 64 0.118 0.021 12.9     
DH1.ricl (pBR322) 0.5 0.1 63 0.105 0.01 8.4 6.72 1.08 
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DH1.ricl (pBR322G/A) 37oC 0.6 0.1 49 0.115 0.025 24.2     
DH1.ricl (pBR322G/A) 37oC 0.6 0.1 49 0.101 0.027 18.3     
DH1.ricl (pBR322G/A) 37oC 0.6 0.1 49 0.123 0.034 21.6     
DH1.ricl (pBR322G/A) 37oC 0.64 0.1 49 0.08 0.011 19.4     
DH1.ricl (pBR322G/A) 37oC 0.64 0.1 44 0.095 0.014 25.0     
DH1.ricl (pBR322G/A) 37oC 0.64 0.1 44 0.109 0.023 24.4     
DH1.ricl (pBR322G/A) 37oC 0.61 0.1 46 0.102 0.02 23.9     
DH1.ricl (pBR322G/A) 37oC 0.61 0.1 44 0.099 0.017 25.8     
DH1.ricl (pBR322G/A) 37oC 0.61 0.1 45 0.103 0.021 24.1 22.97 1.71 
                  
DH1.ricl (pBR322G/A) 42oC 0.23 0.1 136 0.074 0.008 19.2     
DH1.ricl (pBR322G/A) 42oC 0.23 0.1 137 0.061 0.004 17.1     
DH1.ricl (pBR322G/A) 42oC 0.23 0.1 141 0.072 0.01 16.8     
DH1.ricl (pBR322G/A) 42oC 0.24 0.1 138 0.066 0.01 14.6     
DH1.ricl (pBR322G/A) 42oC 0.24 0.1 138 0.077 0.008 19.0     
DH1.ricl (pBR322G/A) 42oC 0.24 0.1 142 0.09 0.017 17.7     
DH1.ricl (pBR322G/A) 42oC 0.25 0.1 137 0.09 0.014 19.1     
DH1.ricl (pBR322G/A) 42oC 0.25 0.1 138 0.081 0.017 14.9     
DH1.ricl (pBR322G/A) 42oC 0.25 0.1 135 0.071 0.007 17.4 17.32 1.11 

 
                

DH1.ricl (pBR322!rom) 0.46 0.3 60 0.081 0.005 8.7     
DH1.ricl (pBR322!rom) 0.46 0.3 39 0.072 0.005 11.8     
DH1.ricl (pBR322!rom) 0.46 0.3 59 0.1 0.012 9.7     
DH1.ricl (pBR322!rom) 0.53 0.3 47 0.08 0.011 8.1     
DH1.ricl (pBR322!rom) 0.53 0.3 31 0.083 0.031 5.8     
DH1.ricl (pBR322!rom) 0.53 0.3 30 0.083 0.019 10.4     
DH1.ricl (pBR322!rom) 0.55 0.3 31 0.073 0.004 12.9     
DH1.ricl (pBR322!rom) 0.55 0.3 31 0.091 0.011 14.0     
DH1.ricl (pBR322!rom) 0.55 0.3 47 0.11 0.009 12.2 10.41 1.69 
                  
DH1.ricl (pQR499) 0.69 0.1 129 0.097 0.031 4.8     
DH1.ricl (pQR499) 0.69 0.1 151 0.083 0.016 5.3     
DH1.ricl (pQR499) 0.69 0.1 129 0.071 0.014 5.2     
DH1.ricl (pQR499) 0.61 0.1 128 0.067 0.014 5.4     
DH1.ricl (pQR499) 0.61 0.1 131 0.073 0.017 5.4     
DH1.ricl (pQR499) 0.61 0.1 148 0.085 0.019 5.7     
DH1.ricl (pQR499) 0.7 0.1 148 0.094 0.024 5.0     
DH1.ricl (pQR499) 0.7 0.1 149 0.087 0.017 5.5     
DH1.ricl (pQR499) 0.7 0.1 144 0.088 0.029 3.7     
DH1.ricl (pQR499) 0.46 0.1 75 0.037 0.01 5.7     
DH1.ricl (pQR499) 0.46 0.1 78 0.128 0.046 13.2     
DH1.ricl (pQR499) 0.46 0.1 76 0.047 0.012 7.4     
DH1.ricl (pQR499) 0.65 0.1 62 0.038 0.011 4.7     
DH1.ricl (pQR499) 0.65 0.1 61 0.039 0.011 5.0     
DH1.ricl (pQR499) 0.65 0.1 61 0.04 0.011 5.2     
DH1.ricl (pQR499) 0.69 0.1 59 0.041 0.013 4.5     
DH1.ricl (pQR499) 0.69 0.1 56 0.035 0.009 5.0     
DH1.ricl (pQR499) 0.69 0.1 56 0.039 0.012 4.7     
DH1.ricl (pQR499) 0.54 0.1 65 0.069 0.012 13.7     
DH1.ricl (pQR499) 0.54 0.1 64 0.077 0.012 16.2     
DH1.ricl (pQR499) 0.54 0.1 64 0.071 0.014 13.5     
DH1.ricl (pQR499) 0.57 0.1 62 0.092 0.02 16.1     
DH1.ricl (pQR499) 0.57 0.1 62 0.078 0.01 17.1     
DH1.ricl (pQR499) 0.57 0.1 60 0.076 0.01 17.1     
DH1.ricl (pQR499) 0.55 0.1 61 0.08 0.013 17.1     
DH1.ricl (pQR499) 0.55 0.1 62 0.071 0.009 16.2     
DH1.ricl (pQR499) 0.55 0.1 61 0.087 0.015 18.1 9.13 2.03 
                  
DH1.ricl + IPTG 0.71 0.1 16 0.562 0.016 470.1     
DH1.ricl + IPTG 0.71 0.1 54 1.466 0.02 373.2     
DH1.ricl + IPTG 0.71 0.1 15 0.696 0.017 625.6     
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DH1.ricl + IPTG 0.76 0.1 11 0.637 0.016 728.5     
DH1.ricl + IPTG 0.76 0.1 16 0.674 0.014 534.1     
DH1.ricl + IPTG 0.76 0.1 12 0.664 0.017 695.4     
DH1.ricl + IPTG 0.66 0.1 14 0.521 0.015 535.4     
DH1.ricl + IPTG 0.66 0.1 15 0.605 0.017 581.1     
DH1.ricl + IPTG 0.66 0.1 14 0.265 0.019 250.8     
DH1.ricl + IPTG 0.52 0.1 10 1.023 0.027 1876.4     
DH1.ricl + IPTG 0.52 0.1 10 1.041 0.014 1954.8     
DH1.ricl + IPTG 0.52 0.1 11 0.997 0.014 1700.2     
DH1.ricl + IPTG 0.54 0.1 11 1.053 0.01 1743.3     
DH1.ricl + IPTG 0.54 0.1 11 1.139 0.024 1846.8     
DH1.ricl + IPTG 0.54 0.1 11 1.1 0.011 1819.4     
DH1.ricl + IPTG 0.55 0.1 9 1.008 0.014 1986.9     
DH1.ricl + IPTG 0.55 0.1 9 1.094 0.013 2164.1     
DH1.ricl + IPTG 0.55 0.1 9 1.106 0.01 2199.0     
DH1.ricl + IPTG 0.54 0.1 5 0.372 0.013 1293.5     
DH1.ricl + IPTG 0.54 0.1 4 0.305 0.012 1314.8     
DH1.ricl + IPTG 0.54 0.1 4 0.266 0.015 1110.0     
DH1.ricl + IPTG 0.58 0.1 4 0.291 0.018 1118.5     
DH1.ricl + IPTG 0.58 0.1 4 0.328 0.023 1240.3     
DH1.ricl + IPTG 0.58 0.1 5 0.358 0.022 1101.7 1219 252.38 

 



Appendix D – pTox plasmid sequence  

  TGTTATATTCCCCAGAACATCAGGTTAATGGCGTTTTTGATGTCATTTTCGCGGTGGCTGAGATCAGCCACTTCTTCCCCGATAACGGAGACCGGCACAC  < 100 

                                                        <ccdB          

                                                        | 

  TGGCCATATCGGTGGTCATCATGCGCCAGCTTTCATCCCCGATATGCACCACCGGGTAAAGTTCACGGGAGACTTTATCTGACAGCAGACGTGCACTGGC  < 200 

  CAGGGGGATCACCATCCGTCGCCCCGGCGTGTCAATAATATCACTCTGTACATCCACAAACAGACGATAACGGCTCTCTCTTTTATAGGTGTAAACCTTA  < 300 

                                                                           <RNAII-RBS (ICRL)        

                                                                           | 

  AACTGCATGTCGACGAGACCACCACCGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACA  < 400 

  AACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCATTAATTAAACATGCAACCATTATCACCGCCAGAGGTAAAATAGTCAACACGCACGGTGTTAGATA  < 500 

  TTTATCCCTTGCGGTGATAGATTTAACGTATGAGCACAAAAAAGAAACCATTAACACAAGAGCAGCTTGAGGACGCACGTCGCCTTAAAGCAATTTATGA  < 600 

  AAAAAAGAAAAATGAACTTGGCTTATCCCAGGAATCTGTCGCAGACAAGATGGGGATGGGGCAGTCAGGCGTTGGTGCTTTATTTAATGGCATCAATGCA  < 700 

  TTAAATGCTTATAACGCCGCATTGCTTGCAAAAATTCTCAAAGTTAGCGTTGAAGAATTTAGCCCTTCAATCGCCAGAGAAATCTACGAGATGTATGAAG  < 800 

                                                                   <cI857 repressor PR promoter        

                                                                   | 

  CGGTTAGTATGCAGCCGTCACTTAGAAGTGAGTATGAGTACCCTGTTTTTTCTCATGTTCAGGCAGGGATGTTCTCACCTGAGCTTAGAACCTTTACCAA  < 900 

  AGGTGATGCGGAGAGATGGGTAAGCACAACCAAAAAAGCCAGTGATTCTGCATTCTGGCTTGAGGTTGAAGGTAATTCCATGACCGCACCAACAGGCTCC  < 1000 

  AAGCCAAGCTTTCCTGACGGAATGTTAATTCTCGTTGACCCTGAGCAGGCTGTTGAGCCAGGTGATTTCTGCATAGCCAGACTTGGGGGTGATGAGTTTA  < 1100 

  CCTTCAAGAAACTGATCAGGGATAGCGGTCAGGTGTTTTTACAACCACTAAACCCACAGTACCCAATGATCCCATGCAATGAGAGTTGTTCCGTTGTGGG  < 1200 

  GAAAGTTATCGCTAGTCAGTGGCCTGAAGAGACGTTTGGCTGATCGGCAAGGTGTTCTGGTCGGCGCATAGCTGATAACAATTGACCGGTAGATCCTTTG  < 1300 

                     <dif        

                     | 

  ATGCATGGTGCGCATAATGTATATTATGTTAAATCTTGAGTTCGTCTTCGCCTGTGACGGAAGATCACTTCGCAGAATAAATAAATCCTGGTGTCCCTGT  < 1400 
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  TGATACCGGGAAGCCCTGGGCCAACTTTTGGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCG  < 1500 

  GGCGTATTTTTTGAGTTATCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATC  < 1600 

  GTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAA  < 1700 

  TAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTCCGTATGGCAATGAAAGACGGTGAGCTGGTGATA  < 1800 

                                                                            >CmR        

                                                                              | 

  TGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTAC  < 1900 

  ACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGT  < 2000 

  GAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTG  < 2100 

  ATGCCGCTGGCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCG  < 2200 

                                                                                             <dif        

                                                                                             | 

  GGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGTGCTACGCCTGAATAAGTGATAATAAGCGGATGGTGCGCATAATGTATATTATG  < 2300 

  TTAAATATGCATGCCGCTTCGACCGGTTTATATCTCAGATAAATGCAAACGCATCGCCAAACAGGCGATCTTCCCGCGCATTACGCTCACTGCAAAACAG  < 2400 

  ATCGCGGGCAATTTTCGCCATCTCAAAACGTCCGGCAATATAGATATCATGCTCTGCCAGCGTACCGTGATCCTGCAATACCGCCGTTAACACGGTGCCA  < 2500 

                                                      >fre homology          

                                                      | 

  GTACGCCCACGCCAGCCCGCTTCCGGTTGTTCAACCACCGGCACCACTTGCAGACCAGGATGCTTCAACGAAAGCGCCTCAAGCTCGCAGAGATCATACA  < 2600 

  GATGCTGCTCTTCACGCCCGCCCCAGTAAATGGTGATATCACGGTTTGGGTTACGCGCCAACGCTGTCAGCAAAATCGAGCGGGCATAAGAGAACCCGGT  < 2700 

  GCCGCCCGCAATCAAAATCATCGGACGCTCTTCATCATCGCGCAGCCACGCTTCTCCGTGGGGAATGTCGACAAGGGCGAATTCTGCAGATATCCATCAC  < 2800 

                                                                             <M13-fwd         

                                                                             | 

  ACTGGCGGCCGCTCGAGCATGCATCTAGAGGGCCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGA  < 2900 

  AAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAG  < 3000 
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  TTGCGCAGCCTATACGTACGGCAGTTTAAGGTTTACACCTATAAAAGAGAGAGCCGTTATCGTCTGTTTGTGGATGTACAGAGTGATATTATTGACACGC  < 3100 

  CGGGGCGACGGATGGTGATCCCCCTGGCCAGTGCACGTCTGCTGTCAGATAAAGTCTCCCGTGAACTTTACCCGGTGGTGCATATCGGGGATGAAAGCTG  < 3200 

  GCGCATGATGACCACCGATATGGCCAGTGTGCCGGTCTCCGTTATCGGGGAAGAAGTGGCTGATCTCAGCCACCGCGAAAATGACATCAAAAACGCCATT  < 3300 

  AACCTGATGTTCTGGGGAATATAAATGTCAGGCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTCACGTAGAAAGCCAGTCCGCAGAAACGGT  < 3400 

  GCTGACCCCGGATGAATGTCAGCTACTGGGCTATCTGGACAAGGGAAAACGCAAGCGCAAAGAGAAAGCAGGTAGCTTGCAGTGGGCTTACATGGCGATA  < 3500 

  GCTAGACTGGGCGGTTTTATGGACAGCAAGCGAACCGGAATTGCCAGCTGGGGCGCCCTCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATGGCT  < 3600 

  TTCTCGCCGCCAAGGATCTGATGGCGCAGGGGATCAAGCTCTGATCAAGAGACAGGATGAGGATCGTTTCGCATGATTGAACAAGATGGATTGCACGCAG  < 3700 

  GTTCTCCGGCCGCTTGGGTGGAGAGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGG  < 3800 

  GCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCT  < 3900 

  TGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACCTTGCTCCTG  < 4000 

                                                                        >Kan/neoR        

                                                                        | 

  CCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAGCG  < 4100 

  AGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCG  < 4200 

  AGCATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTG  < 4300 

  GCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCT  < 4400 

  TTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTGAATTATTAACGCTTACAATTTCCTGATGCGGTAT  < 4500 

  TTTCTCCTTACGCATCTGTGCGGTATTTCACACCGCATACAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACA  < 4600 

  TTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATAGCACGTGAGGAGGGCCACCATGGCCAAGTTGACCAGTGCCGTTCCG  < 4700 

  GTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGTGGAGGACGACTTCGCCGGTGTGGTCC  < 4800 

  GGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGTACGC  < 4900 

  CGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTGGGGGCGGGAGTTCGCCCTGCGC  < 5000 

  GACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAGCAGGACTGACACGTGCTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTT  < 5100 

  TTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTT  < 5200 
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  TCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACT  < 5300 
  GGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTC  < 5400 
                                                    >ColE1 origin        
                                                    | 

  TGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGG  < 5500 
  CTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCC  < 5600 
  GAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTC  < 5700 
  CTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACG  < 5800 
  GTTCCTGGGCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCCTTTGAGTGAGCTGATACC  < 5900 

  GCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTC  < 6000 

                                                       >lacO3        
                                                       | 

  ATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTT  < 6100 
                                             >lacO1                    >M13-rev         
                                             |                         | 

  ACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTATTTAGG  < 6200 
  TGACACTATAGAATACTCAAGCTATGCATCAAGCTTGGTACCGAGCTCGGATCCACTAGTAACGGCCGCCAGTGTGCTGGAATTCGCCCTTGACGTCCAT  < 6300 
  GTGCCGATGAGTCACGGCGTCGATTTTCACCCCGGCCTGAGCCGCAATGTCGCCAAAGCGGCGGGCATGATGGGCTTAACGGCAGAAATGCTGGCGCGTA  < 6400 
  TGCACGGTATCAGCCGTGAAATGCAGGATGCCTTTGCCGCGCGGTCACACGCCCGCGCCTGGGCCGCCACGCAGTCGGCCGCATTTAAAAATGAAATCAT  < 6500 
  CCCGACCGGTGGTCACGATGCCGACGGCGTCCTGAAGCAGTTTAATTACGACGAAGTGATTCGCCCGGAAACCACCGTGGAAGCCCTCGCCACGCTGCGT  < 6600 
  CCGGCGTTTGATCCAGTAAACGGTATGGTAACGGCGGGCACATCTTCTGCACTTTCCGATGGCGCAGCTGCCATGCTGGTGATGAGTGAAAGCCGCGCCC  < 6700 
    >fadA homology          
      | 

  ATGAATTAGGTCTTAAGCCGCGCGCTCGTGTGCGTTCGATGGCGGTCGTTGGTTGTGACCCATCGATTATGGGTTACGGCCCGGTTCCGGCCTCGAAACT  < 6800 
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  GGCGCTGAAAAAAGCGGGGCTTTCTGCCAGCGATATCGGCGTGTTTGAAATGAACGAAGCCTTTGCCGCGCAGATCCTGCCATGTATTAAAGATCTGGGA  < 6900 

  CTAATTGAGCAGATTGACGAGAAGATCAACCTCAACGGTGGCGCGATCGCGCTGGGTCATCCGCTGGGTTGTTCCGGTGCGCGTATCAGCACCACGCTGC  < 7000 

  TGAATCTGATGGAACGCAAAGACGTTCAGTTTGGTCTGGCGACGATGTGTATCGGTCTGGGTCAGGGTATTGCGACGGTGTTTGAGCGGGTTTAACCACT  < 7100 

  TGCCGGACATA  < 7111 
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Appendix E – Sequence of t22icrl synthetic DNA  

 

Restriction sites underlined and oriSELECT ICRL cassette in orange. 
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Appendix F – Sequence Alignments 
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