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INTRODUCTION

Escherichia coli is both a tool and object of study of genome science. As the primary model 

organism for bacteria it was used to elucidate the biological processes responsible for basic 

cellular functions. Gene annotations of E. coli are regularly transferred to other organisms as 

their genome sequences are completed. E. coli is also used extensively as a genomics tool to 

propagate DNA subclones for sequencing and for a variety of functional studies in many 

species. Industrially E. coli is used to produce hormones, enzymes and antibiotics. However, 

in spite of the vast knowledge of the E. coli cell, much remains to be learned about the 

composition of the genome.

Two strains off. coli have been fully sequenced, the K-12 strain MG1655 with 4,638,858 

basepairs (Blattner et al. 1997) and two isolates of the enteric pathogen 0157:H7 of 5,528,445 

basepairs (Hayashi et al. 2001; Perna et al. 2001). K-12 and O157:H7 are phylogenetically 

distant relatives within theE. coli species (Reid et al. 2000, Perna et al 2001).

Comparison of the genomes of K-12 and OI57:H7 revealed a startling pattern in which 

hundreds of strain-specific “islands” are found inserted into a common “backbone” that is 

highly conserved (98%) between the two strains. The strain specific islands are termed K- 

islands or O-islands after the strain from which they were sequenced. The size of the 

backbone genome is about 3.7 megabasepairs and the total of K-islands amounts to 0.9 Mbp, 

about 20% of the genome.

Gene loss and horizontal gene transfer were the major genetic processes that shaped the 

ancestral E. coli genome resulting in the spectrum of divergent present-day strains possessing 

very different arrays of genes (McClelland et al. 2000, Ochman and Jones 2000, Riley and 

Serres 2000, Perna et al. 2001). The genes contained in the backbone regions generally 

include basic core functions of E. coli that are necessary regardless of environmental niche. 

Islands contain a disproportionate share of genes that are of unknown function as well as 

toxins, virulence factors and metabolic capabilities that may be of advantage in the niche to 

which the strain is adapted. Islands also contain many transposable elements, phages, cryptic 

prophages, pseudogenes, gene remnants, and damaged operons. Clearly E. coll possesses 

many dispensable functions that would not be needed in a strain designed for laboratory 

purposes. Comparative genomics provides the working hypothesis that genes and gene islands 

that are present in MG1655 and not in other strains may be deleted.
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OBJECTIVES

The primary goal of the laboratory is to engineer a simplified E. coli genome to study factors 

of genome evolution and stability. Specific goals relevant to this thesis:

1. Explore the use of the DSB(double-strand break)-stimulated gene replacement method, 

worked out earlier in this laboratory, in producing genomic deletions.

2. Develop a rapid, efficient and “scarless” (no external sequences are left in the genome) 

deletion method based on the use of PCR-generated linear DNA-fragments combined with 
I-Scel-stimulated DSB repair.

3. Study various factors, which influence the efficiency of the scarless deletion method; find 

the optimal conditions.

4. Introduce a series of consecutive deletions into the genome of K-12 MG1655 in order to 

create a backbone-only genome. Deletion targets should be identified by comparative 

genomics. Primary deletion candidates include agents of horizontal gene transfer and 

other genomic rearrangements (prophages, phage remnants, insertion sequences (ISsj) and 

major K-12-specific islands.
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RESULTS

Deletion of a 62-kb genomic segment by the DSB-stimulated method
Earlier work in the laboratory indicated that the suicide plasmid-based, DSB-stimulated 

method could be used to generate targeted deletions in the genome.

To assess the applicability of the DSB-stimulated method in generating large 

deletions, two variations of this procedure were tested and compared in an experiment aimed 

at deleting a large K-island of the MG1655 genome. While the first version involves 

integration of a single suicide plasmid in the genome, the second version is based on two 

separate insertion events.

Both variations showed high efficiency in generating of the 62-kb deletion but were 

slow since the cloning steps were needed.

Development of a X Red-mediated scarless deletion procedure

To construct a series of targeted deletions, a more straightforward and more rapid method 

than the suicide plasmid-based, DSB-stimulated procedure was needed. By combining the 

appropriate features of the DSB-stimulated and the X Red-mediated procedures, a new 

scarless method was designed.

Outline of the deletion method (Fig. 1)

To delete the chromosomal region between arbitrarily chosen segments, first a linear DNA 

molecule is generated by PCR on the template plasmid pSG76-CS. The resulting fragment, 
carrying a selectable marker (chloramphenicol resistance, CmR) flanked by two I-&eI 

meganuclease sites, is electroporated into the target cell where it can replace a segment of the 

chromosome. This replacement requires a double crossover, and involves short (40-60 bp) 

terminal segments (“homology boxes” A and C) of the DNA fragment. The helper plasmid 

pBADapy provides the arabinose-inducible recombinase functions (Red o.py) necessary for 

the integration event. Cells, which integrated the linear fragment into their chromosome are 

then selected by their Cm resistance. Correct-site insertions are confirmed by PCR screening 

using primers d and e. The procedure is similar to published protocols (Zhang et al. 1998; 

Datsenko and Wanner 2000; Yu et al. 2000). However, in contrast to the original X Red 

recombination method, the integrated fragment carries a third homology region (box B) fused 

to box A as part of the PCR primer. Since synthesis of very long primers is difficult, the
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Figure 1. Overview of the deletion procedure. A, B, and C represent arbitrarily chosen DNA 

segments (homology boxes). Numbers refer to the length of oligonucleotides in basepairs. 

Polymerase chain reaction primers are labeled by lower case letters in bold (a, b, c, d, e, ab). 

5 indicates an I-&eI cleavage site. The 3’ ends (-17-20 bp) of primer c and complex primer 

ab are complementary to the template plasmid pSG76-CS upstream and downstream of the 

CmR gene.
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fusion is produced in a PCR-like filling-in reaction of two partially complementary 

oligonucleotides (primers a and b), resulting in the composite primer ab, which in turn is used 

to initiate the generation of the linear DNA fragment. Note that the bulk of the deletion is 

generated by the integration of the fragment. Moreover, the sequence corresponding to box B 

is duplicated in the citromosomé at this stage.

Next, I-Scel meganuclease expression is induced by derepressing the let promoter on 

the helper plasmid pSTKST. (Alternatively, pKSUCI, a plasmid constitutively expressing I- 

Sce\, can be transformed into the cell.) As a result, the chromosome is cleaved at the 18-bp 1- 

Scel sites present on the integrated fragment. The broken chromosomal ends are then 

subjected to RecA-mediated DSB repair by intramolecular recombination. Since the broken 

ends carry short homologous regions (box B) close to their termini, recombinational repair is 

likely to proceed via these homologous segments. Surviving colonies are screened by PCR 

using primers d and e. Correct-size PCR fragments confirm the generation of the desired, 

scarless deletion.

Features of the deletion method

Several large deletions have been constructed using the new method. Total length of the 

targeting linear DNA fragment was 1.7 kb. Sizes of the homology boxes A, B and C were in 

the range of 40-80, 40-60 and 40-45 bp, respectively. Typically 200 to 500 ng DNA fragment 
was electroporated into MG1655 and 10 to 200 recombinant (CmR) colonies were obtained, 5 

to 90 % of which contained an insertion in the desired locus. In our hands, this relatively low 

number of correct insertions was the limiting factor in the procedure. There were indications 

in the literature that internal regions of the fragment homologous to chromosomal sequences 

cause a drop in the integration efficiency in \ Red-mediated insertion procedures. The 

template plasmid pSG76-CS carries a 78-bp piece of IS1 that is copied into the targeting DNA 

fragment. Since IS1 is present in 7 copies in the MG 1655 genome, it seemed likely to 

interfere with the integration process. However, when the 78-bp internal homology was 

deleted from the plasmid, and the resulting pSG76-CSH was used as a template to generate 

the targeting fragment, no increase was observed in the number of integrants.

Sizes of the deletions were in the range of 7 to 82 kb. No significant correlation was 

found between the efficiency of integration and the size of the deletion it caused. In the case 

of deletion MD2, two different targeting fragments were constructed. The DNA fragment 

replacing a 2-kb segment of the chromosome produced five times more integrants (53 

colonies) than the one replacing an 82-kb segment (10 colonies). However, it must be noted 
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that the results are not fully comparable, since the box C segments were from different 

genomic regions in the two constructs.

The second step of the procedure, DSB-stimulated recombinational repair proceeded 

efficiently. Following induction of l-Scel expression, 10-100 % of the surviving cells carried 

the desired deletion. However, initial experiments showed that positioning the broken 

chromosomal ends relatively close to box B segments is essential, otherwise recombinational 

gap repair can proceed via other, randomly occurring, short homologies. Therefore, it is 

advisable to select a box C sequence close to box B on the chromosome. For similar reasons, 

in an experiment involving deletion MD2, placing two l-Scel sites on the targeting fragment 

resulted in an increased level (15 %) of recombinational repair proceeding via box B, as 

compared to having a single I-&eI site on the fragment (5 %). , ,,

Deletions were created in the recombination-proficient strain MG1655. A number of 

recombinational activities are thought to be involved in DSB repair, with RecA playing a 

central role. Since recombination of short (40-60 bp) repeats, atypical substrates for the 

recombinase, are involved in the deletion process, the role of RecA was tested. It was found 

that deletion of the recA gene practically abolished recombinational repair when pUC19RP12, 

a plasmid constitutively expressing l-Scel, was transformed into MG1655 cells carrying the 

insertion corresponding to the intermediate construct for deletion MD12.

Deletion target selection

Chromosomal regions marked for deletion were chosen with the expert help of our 

collaborator Guy Punkett HI (University of Wisconsin). Selection was primarily based on 

comparing the genomes of MG1655 and EDL933. In order to maximize the amount of DNA 

removed, 12 large genomic regions, including the 11 largest and 6 smaller K-islands, were 

selected for deletion. No new fusion protein was created by the deletions. Eight of the 12 •.

deleted regions carried cryptic prophages or phage remnants. . .

'/i 
Deletions

A total of 12 regions were sequentially deleted from the MG1655 genome. The strain carrying 

all 12 deletions was designated MDS12. A total of 376,180 nucleotides were deleted, 

resulting in an 8.1 % reduction in the size of the genome. All together, 409 protein-coding 

ORFs and 2 stable RNA genes were removed, 9.3 % of the total gene count.
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Characterization of MDSI2
Growth rates of MDS12 and the parental strain MG1655 were compared in both LB and 

M9/glucose minimal medium. Cultures were grown in duplicate and experiments were 

repeated twice. The doubling times of the two strains proved to be identical at exponential 

growth phase (33 min in LB, 41 min in minimal medium). A small but detectable difference 

in culture densities was observed in stationary phase. In both LB and minimal medium, 

MDS12 reached an OD -10 % higher than MG1655.

Transformability of MDS12 and MG1655 was measured by electroporating a small, 

supercoiled plasmid, pTZ18U (Bio-Rad) into the cells. Electroporation efficiencies for the 

two strains were identical (4xl08/p.g plasmid DNA). Similarly, chemical transformation 

efficiencies of the two strains were identical (Sxio’/pg plasmid DNA).

Additional deletions

In the next phase of the E. coli genome remodeling work, an additional set of 19 deletions was 

constructed. New deletion targets were selected to remove all ISs from the genome. In some 

Casés, target segments were expanded to include dispensable regions adjacent to the ISs, 

resulting in the deletion of additional K-islands, ORFs with unknown functions, and the O- 

antigen and colanic acid gene clusters.

All deletions were made in two steps. Insertion intermediates were first constructed in 

wild-type MG1655 carrying pBADapy . The inserted regions were then transduced by Pl 

phage (Miller et al. 1992) to the strain carrying all previous deletions and the second step of 

the procedure, DSB-stimulated recombinational repair, was carried out in this final host.

The strain carrying all 31 deletions was designated MDS31. The presence of all 

deletions in MDS31 was confirmed by PCR using corresponding primers d and e. 

Characterization of the strain is currently being carried out by other members of the 

laboratory. Preliminary results show that the growth characteristics are identical to that of the 

wt strain. Mutation rate in MDS31 appears to be lower than in MG1655, but results vary 

depending on the test system used.



CONCLUSIONS

This work focused on the development and characterization of two genome-manipulation 

methods: double-strand break(DSB)-stimulated allele replacement and scarless deletion 

construction. Using these methods, a series of deletions were introduced into the E. coli K-12 

genome, and the strain harbouring the reduced genome was partially characterized. The main 

results were:

• Two variations of the DSB-stimulated method were tested to assess their applicability 

in generating large deletions, and compared in an experiment aimed at deleting a large 

K-island of the MG1655 genome. Both variations showed a high efficiency in 

generating a large deletion (62 kb) in Escherichia coli strain MG1655. However, it 

was found that the method is time-consuming, due to the cloning steps.

• A new, rapid and straightforward deletion method was developed. A PCR-generated 

DNA-ffagment was inserted into the genome by X Red-type homologous 

recombination, followed by a double strand break-stimulated recombinational repair 

process, resulting in a scarless deletion. Use of the method required the construction of 

a set of helper plasmids, including a template plasmid for generating the targeting 

fragment by PCR, and plasmids for the expression of l-Scel.

• Sensitivity, specificity and other features of the method were tested in several 

experiments and optimal conditions were established. It was found that (i) 40-60 bp 

long homologous segments can be used to guide the targeting fragment into the 

desired locus (ii) both small and large (over 80 kb) deletions can be constructed using 

the method (iii) the deletion process is recA-dependent.

• Based on comparative genomics, 12 large deletions have been created in MG1655. 

These deletions included the largest K-islands.

• The deleted strain was partially characterized. Growth rates of MG1655 and the 

deleted strain, measured both in minimal and rich media, showed no significant 

difference. Transformation efficiencies of the strains were also similar.

• An additional set of 19 deletions has also been constructed. The total of 31 deletions 

reduced the genome by removing all major mobile elements (cryptic prophages, phage 

remnants, 44 ISs) and a large fraction of genes of tentative or unknown functions. All 
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together, of the 483 ORFs and 2 stable RNA genes deleted, 174 possessed tentative 

functional classification, and 218 were marked as unknown.

MDS31, the strain possessing all 31 deletions, is stripped of all major mobile genetic 

elements (phages and insertion sequences, primary agents of horizontal gene transfer and 

genomic rearrangements). This gives us an opportunity to study the role of these mobile 

elements in the processes of adaptation and evolution.

In general, successful size-reduction of the MG1655 genome by 11.6 % underlines the 

feasibility of a rational, targeted approach in constructing modified bacterial genomes.
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