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ABSTRACT  
 
 
 

  The identification of essential Escherichia coli genes furthers our understanding 

of fundamental cellular processes. It is of practical importance because it reveals a set of 

targets that facilitate the discovery of antibiotic compounds. Unfortunately, the current 

literature leaves us with conflicting results as to the essentiality of many E. coli gene 

products. Dr. K. Rudd’s laboratory set out to resolve these discrepancies and identify the 

complete essential gene set. The present paper reports the results of my contribution to 

this project. As a starting point, we examined the Keio collection, a resource of 3985 

single-gene knockouts. We used P1 bacteriophage transduction to transfer these knockout 

mutations from the mutagenized background to our wild-type strain. The transduction 

frequency is inversely proportional to the missing gene’s essentiality. For the majority of 

Keio mutants, we verified the non-essentiality of the disrupted gene. In cases where 

transductions failed, the mutants were investigated further. We circumvented factors that 

mask the ‘true’ phenotype of an essential gene deletion (e.g. tandem duplications, polar 

effects, and suppressor mutations). In addition, we redesigned a number of mutations 

whose construction was faulty in the Keio collection. The project was successful insofar 

as it verifies that the phenotype of each Keio strain is the result of its respective gene 

deletion, irrespective of the chromosomal background. As will be shown, P1 transduction 

is particularly applicable to this end. 

 

         Dr. Katherine Walstrom 

         Natural Sciences 
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Introduction   

 

  For a long time the bacterium was considered a ‘bag of enzymes’. This opinion 

began to change in 1944, when O.T. Avery demonstrated that a ‘transforming principle’ 

could transfer genes between bacteria (Lin et al., 1984). This ‘transforming principle’ was 

soon known as DNA (Lin et al., 1984). Its identification in bacteria laid the groundwork 

for the elucidation of its structure by Watson and Crick (Watson and Crick, 1953). Around 

this time, Lederberg and coworkers discovered bacterial conjugation, which showed that 

the genes of bacteria, as well as of higher organisms, are linked in a chromosome 

(Lederberg et al., 1952). As a result of these and other studies, researchers began to 

recognize the conservation of core metabolic pathways and hereditary mechanisms in all 

organisms (Lin et al., 1984). Consequently, the bacterium – specifically Escherichia coli – 

became a model system for studying basic biological processes. Many hoped this 

knowledge could advance our understanding of human diseases.  

  In the following decades, this hope was realized through the accumulation of data 

that forms the basis of our biological sciences. Yet the E. coli model remains incomplete. 

Many of its genes are uncharacterized and we know nothing about the function or 

regulation of a few hundred other genes. There also remains the more fundamental 

question concerning which genes are required for survival. An answer to this question 

reveals, at the finest level, basic physiological information about cellular metabolism 

under specific growth conditions. At a more abstract level, it allows for a comparative 

analysis of the core bacterial repertoire and their hierarchical organization (Gerdes et al., 

2003). This knowledge could hopefully be applied to the study of higher organisms. The 
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identification of essential genes in E. coli is of practical concern insofar as it facilitates the 

discovery of new antibiotic compounds. Given the increasingly frequent reports of drug 

resistant bacteria, such efforts become necessary. 

  One method to classify a gene as essential involves targeting it for deletion to see 

if the cell dies. If a deletion mutant grows on glucose, its knockout gene is non-essential 

no matter how sickly it might become as a result. In 2004, Baba et al. applied this method 

to all E. coli genes using targeted mutagenesis. Their efforts resulted in a group of E. coli 

strains with single-gene deletions called the Keio collection. The authors also reported a 

list of ‘candidate’ essential genes whose disruption caused cell death (Baba et al., 2006). 

Unfortunately, after comparing these results to the published literature and examining the 

construction of some of the mutations, we found a number of problems with these strains.  

  

The Keio Collection 

 

The Keio collection is a library of 3985 single-gene knockout mutants in 

Escherichia coli K-12 (Baba et al., 2006). The construction of each Keio strain started 

with the design of a deletion fragment that would replace the reading frame of a specific 

gene target with a gene encoding antibiotic resistance. The ends of the DNA fragment 

were made homologous to the gene target upstream and downstream of the initiation and 

termination codons, respectively (Baba et al., 2006). Between the homologies, the DNA 

fragment consists of a kanamycin cassette, which provides resistance to the antibiotic 

kanamycin. Using electroporation, the deletion fragment was driven into a bacterium 

expressing high levels of a recombinase enzyme. Through homologous recombination, the 
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kanamycin cassette replaced the reading frame of the gene target, inactivating the targeted 

gene. In practice, this procedure is highly efficient, yielding thousands of recombinants on 

average – which can be selected using kanamycin resistance. In E. coli strain BW25113, 

Baba et al. targeted 4288 annotated genes and obtained 3985 null insertion/deletion 

mutants. The value of the resulting group of mutants is two-fold: (1) it facilitates research 

aimed at E. coli’s remaining gene-functional questions and (2) it predicts which genes are 

essential for growth on glucose. Each of these factors makes the Keio collection a 

tremendous resource for developing our understanding of the E. coli model.  

 The following two studies give an idea of how the Keio collection has been used: 

1. Functional characterizations. In 2006, Xie et al. reported the use of an E. coli mutant 

as a host for the biocatalytic conversion of monacolin J acid to simvastatin acid. In 

this reaction, the thioester dimethylbutyryl-S-methyl-mercaptoproprionate (DMB-S-

MMP) transfers its acyl group to monacolin J, forming simvastatin acid (Zie et al., 

2007). Simvastatin is a cholesterol-lowering compound and one of the best selling 

drugs in the world (Zie et al., 2007). Currently, simvastatin is made (semi-

synthetically), from the natural product lovastatin, through a multi-step chemical 

synthesis (Zie et al., 2007). The authors noticed that an unknown E. coli enzyme 

hydrolyzes the methyl ester bond in DMB-S-MMP, forming a less efficient acyl 

donor (See Figure 1). The competing pathway reduced the yield of the simvastatin 

product. In an effort to identify the unknown enzyme, Zie et al. screened a group of 

Keio mutants with gene deletions that inactivate their ability to catalyze this type of 

reaction (i.e. genes encoding the carboxylesterases). They found that a bioH mutant is 

completely deficient in the competing reaction (Zie et al., 2007).  For the whole-cell 
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bioconversion of simvastatin from monacolin J acid and DMB-S-MMP, they report a 

94 percent recovery using the bioH mutant. The authors argue that their biocatalytic 

process is less expensive and has a higher yield than the commonly used chemical 

synthesis.  

 

 

Figure 1.  Whole-cell bioconversion of Monacolin J acid and dimethylbutyryl-S-methyl 

mercaptopropionate (DMB-S-MMP) to free simvastatin acid. BioH carboxylesterase catalyzes the 

undesirable hydroloysis of DMB-S-MMP to the less efficient acyl donor, dimethylbutyryl-S-

mercaptopropionic acid. (Zie et al., 2007). LovD is an acyltransferase catalyzing the last step in the 

biosynthesis of lovastatin. 

 

2. High-throughput Analyses. Another study measured the growth of all 3985 Keio 

mutants in human serum (See Figure 2). Its results indicate that de novo nucleotide 

synthesis represents the most critical metabolic function for bacterial growth in blood 

(Samant et al., 2008). The corresponding enzymes are plausible targets for novel 

compounds that would slow the proliferation of bacterial pathogens in the 

bloodstream.  
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Figure 2. Dye-based screening for mutants with a growth defect in human serum (Samant et al., 2008). 

Mutants that grew in the serum generated a deep blue color; lack of a blue color, as seen with genes 

involved in pyrimidine and purine synthesis, indicated the inability of a mutant to grow (Samant et al., 

2008). 

Having considered some of the applications of the Keio collection, we can 

articulate what these strains contribute to the analysis of gene-essentiality. Essential genes 

are unexpectedly difficult to study genetically because the cell dies if they are disrupted. 

To a degree, the failure of a single-gene knockout to grow indicates the essentiality of the 

disrupted gene (Kaya, personal communication). On the other hand, the growth of a 

knockout strain indicates the dispensability of the disrupted gene. Considering this, Baba 
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et al. purported that the 3985 genes inactivated were non-essential. Alternatively, the 303 

genes whose disruption was lethal to the bacterium were considered essential.  

Results from these experiments, however, are subject to both false positives and 

negatives: essential genes can be falsely reported as non-essential, and visa-versa. Indeed, 

other laboratories have been able to construct viable knockout strains in a few of these 

‘candidate’ essential genes by adding particular nutrients to the medium (Kaya, personal 

communication). In other cases, the growth of a Keio deletion mutant conflicts with 

expectations based on an essential function of the inactivated gene. The purpose of this 

thesis project was to investigate these discrepancies.  

 

Discrepancies in the Literature 

 

An essential gene can be positively identified by taking the rigorous approach of 

deleting the gene on the chromosome while having a functional copy on a plasmid with a 

tightly regulated promoter. We know the gene is essential if elimination of gene 

expression on the plasmid leads to cell death or growth cessation. Though this method 

would not be practical for genome-wide assessment, various laboratories have determined 

the essentiality of a number of genes this way. These results can be compiled, but an 

interpretation based on various sources can be problematic given experimental differences 

in strains and growth conditions. We refer to the PEC (Profiling of the E. coli 

Chromosome) database at http://www.shigen.nig.ac.jp/ecoli/pec/index.jsp), which has 

gathered essentiality data from research reports and deletion mutation studies (Yamaraki 

et al., 2008).  



   7 

To date, there have been about two experimental genome-wide gene-essentiality 

studies. Representing the first of these, Gerdes et al. (2003) employed high-throughput 

global transposon insertion mutagenesis, also known as genetic footprinting. In this 

experiment, a transposon randomly inserts into the genome and the position of each 

insertion in live cells can be determined. If a gene is not essential, it should have more 

transposon insertions in a collection of live cells than does an essential gene. Herein, this 

study predicted 620 essential genes based on the failure to accumulate insertion mutations 

(Gerdes et al., 2003). This strategy measures cell populations (See Figure 3). Therefore, 

the classifications of this study might be incorrect for mutations that cause slow growth 

because the small colonies could be missed and result in the incorrect conclusion that the 

gene is essential. This might explain the relatively high number of genes they classified as 

essential (Baba et al., 2006). This illustrates how differences in essentiality predictions 

can be attributed to the use of different mutagenesis strategies or the method used to 

discriminate between essential and non-essential genes (Kaya, personal communication). 
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Figure 3. Distribution of transposon insertion densities, densities of essential genes, and their respective 

evolutionary retention index along the E. coli chromosome (Gerdes et al., 2003). Essential genes were 

predicted using transposon insertion densities, calculated as the number of transposition events per 100 kb 

sliding window. An algorithm was used to compute an evolutionary retention index from each gene’s 

transposon insertion density (Gerdes et al., 2003). Note: oriC and dif denote the origin of chromosomal 

replication and the replication termination area, respectively.  

 

The Keio collection represents the second genome-wide essentiality study. It was 

the first to provide an evaluation of gene-essentiality in a single strain using consistent 

experimental conditions (Kim and Copley, 2007). The PEC database and Baba et al. agree 

in their classification of 259 essential genes. There are 24 genes that are classified as 

nonessential in the PEC database, but considered essential by Baba et al. On the other 
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hand, a large number of genes classified as non-essential by Baba et al. have evidence for 

their being either essential or conditionally-essential (defined below). 

We began the experimental portion of the project with a gene set of candidate 

essential genes. As we progressed, this list was modified on Dr. Rudd’s database, 

ecogene.org, which provides continuous updates on E. coli gene annotation and gene and 

protein functional characterizations. At the start of the project, he reduced the set of 303 

candidate essential genes to 290. (For gene-by-gene discussion of the 13 genes removed 

from the essential gene set, refer to ‘Essential Genes’ under the ‘EcoTopic’ bulletin at 

http://ecogene.org).  

 

Essential Functions and Metabolic Enzymes 

 

Although the focus of this project is on essential genes, we can also consider the 

essentiality of gene functions. It is possible that a single essential function can be encoded 

by two or more genes, which can be either homologous or of independent origins (Rudd, 

personal communication). Gene sequences can be classified within clusters of orthologous 

groups, or COGs (See Figure 4). Most essential genes belong to the COGs involved in cell 

division, lipid metabolism, translation, transcription, and cell envelope biogenesis. Of the 

four orthologous group categories, most essential genes are associated with metabolism 

(Baba et al., 2006).  
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Figure 4. COG classification of E. coli K-12 genes (Baba et al., 2006). 

 

Here, we offer a brief account of factors that determine the essentiality of 227 

genes in the E. coli central metabolic pathways. Although most of these genes are needed 

for growth on glucose, about 80 are non-essential (Baba et al., 2006). Their non-

essentiality can be attributed to alternative metabolic pathways or the presence of 

isozymes, alternative enzymes, broad-specificity enzymes, or multifunctional enzymes 

that can compensate for the disrupted gene product (Kim and Copley, 2007). In some 

cases, interconnecting metabolic pathways allow E. coli to bypass a defective metabolic 

step. That is, steps in an individual pathway may not be essential if there is an 

interconnecting pathway for synthesizing certain molecules. This is more likely to occur 

for catabolic pathways, which are highly connected, than biosynthetic pathways, which 
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tend to be linear (Kim and Copley, 2007).  

 

Figure 5. Overview of the central metabolic pathways of E. coli (Kim and Copley, 2007). Based on 

metabolic pathways alone, an enzyme function may appear redundant or non-essential; however, the 

enzyme might be unique in its ability to produce a precursor for a biosynthetic pathway. 

 

An important purpose of central metabolic pathways is to produce metabolic 

intermediates. In addition to producing energy, catabolic pathways supply key precursors 

for biosynthetic pathways (Kim and Copley, 2007).  Examples of this can be seen in 

Figure 5 for pathways that produce such precursors as dihydroxyacetone phosphate 

(DHAP), erythrose 4-phosphate (E4P), ribose 5-phosphate (R5P), acetyl CoA (AcCoA), 

oxaloacetate (OAA), α-ketoglutarate (α-KG), and succinyl CoA (SCoA). Enzymes 

required to make these molecules may be essential. 
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Even if interconnecting pathways are available to bypass a missing enzyme, the 

accumulation of a substrate for a missing enzyme may cause lethal toxicity (Kaya, 

personal communication).  Consider the three pathways E. coli can use to degrade glucose 

to glyceraldehyde 3-phosphate (GAP) – glycolytic, pentose phosphate, and Entner-

Doudoroff pathways (Kim and Copley, 2007). Given the bacterium’s flexible metabolism, 

we might expect that the enzymes of the initial part of glycolysis would be non-essential 

for growth on glucose (See Figure 5). However, due to the toxic effect of metabolites that 

accumulate without a particular enzyme, phosphoglucose isomerase (Pgi) is the only non-

essential enzyme of these (Kim and Copley, 2007).  The toxicity caused by the loss of the 

other enzymes is often due to effects on gene expression caused by alterations in levels of 

metabolites before and after the block in the pathway (Kim and Copley, 2007). To help 

illustrate the toxicity of metabolites, we briefly discuss two essential genes: fbaA (fructose 

bisphosphate aldolase) and tpiA (triose phosphate isomerase). 

1. Fructose-bisphosphate aldolase (FbaA) catalyses the aldol cleavage of fructose 

1,6-bisphosphate (FDP). E. coli has an isozyme of FbaA called FbaB, which is 

expressed only under gluconeogenic conditions. As a result, the isozyme is not 

present during growth on glucose (Scamuffa and Caprioli, 1980). When fbaA is 

deleted, the FDP concentration increases. Toxicity occurs when FDP allosterically 

inhibits 6-phosphogluconate dehydrogenease, an enzyme in the pentose phosphate 

pathway. Hence, a block in the glycolytic pathway at fbaA also impairs the flux 

through the alternative pentose phosphate pathway (Kim and Copley, 2007). This 

illustrates how redundant enzyme activity (i.e. FbaB) might not make up for lost 

functional activity. Further, it shows the connectivity between enzymes in 
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different pathways, which, in this case, results in the unexpected block in both 

pathways for glucose catabolism. 

2. Triose phosphate isomerase (TpiA) catalyzes the interconversion between 

glyceraldehyde 3-phosphate and dihydroxyacetone phosphate (DHAP). The toxic 

effects of disrupting this enzyme are caused by the methylglyoxal formed when 

DHAP spontaneously decomposes (See Figure 5; Ferguson et al., 1998). A 

mutant in tpiA will generally not grow on glucose; however, spontaneous, 

adaptive mutations can result in the expression of the methylglyoxal pathway 

genes. This leads to the conversion of this toxic metabolite to D-lactate (Ferguson 

et al., 1998). This example illustrates the activity of suppressor mutations (or 

second-site mutations), which can allow knockout mutants in essential genes to 

survive. Second-site mutations were encountered frequently throughout the course 

of our experiments. Such observations force us to modify our definition of an 

essential gene. We call genes whose disruption can be suppressed conditionally-

essential. 

 

Figure 5. Synthesis and Detoxification of Methyglyoxal (Ferguson et al., 1998). Dihydroxyacetone 

phosphate (DHAP) is converted to methyglyoxal (MG) by the action of methylglyoxal synthase. Glutathione 

(GSH) spontaneously reacts with methylglyoxal to form hemithioalacetal (HTA). This becomes a substrate 
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for glyoxalase I, producing S-lactoylglutathione (SLG), which is a substrate for glyoxalase II; glyoxalase II 

then produces D-lactate (D-Lac) and free glutathione (Ferguson et al., 1998).  

 

Alternatively, the bacterium can survive without an enzyme essential for growth 

on glucose if it is provided an alternative media or condition. We encountered a few 

examples of auxotrophy (See Results), first in the literature and later verified 

experimentally: diaminopimelic acid and minimal media sustain a ∆gapA (encodes GAP 

dehyrogenase) mutant (Fraenkel et al., 1996); thymidine sustains a mutant in folE 

(encodes GTP cyclohydrolase I) (Klaus et al., 2005); and temperatures below 20ºC sustain 

an ∆rpoH (encodes RNA polymerase sigma H) mutant (Zhou et al., 1988). These results 

are discussed in detail later.  

 

A Strategy to Validate the Keio Collection 

 

We have discussed the importance of identifying essential genes, the 

complications inherent to a gene-essentiality study, and factors that contribute to the 

essentiality of a gene or functional role. It remains to be shown, however, that an 

experimental validation of the Keio collection can provide us with the veritable 

identification of essential genes we set out to find. An experimental validation of a mutant 

must (1) examine the design of the deletion construct used in mutagenesis; (2) prove that 

the mutant phenotype is the result of its respective mutation; and (3) verify that the mutant 

phenotype is not the result of the chromosomal background (e.g. spontaneous suppressor 

mutations or inherited mutations). Only in this way can a series of tests on a Keio mutant 

indubitably classify the essentiality of the disrupted gene. To this end, we transferred each 
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mutation from the mutagenized (Keio) background strain (E. coli K-12 BW25113) to our 

wild-type strain (E. coli K-12 MG1655_seq_rph+1). The mutations were transferred using 

a bacterial virus called P1 bacteriophage. 

 

P1 Phage and Generalized Transduction 

 

The action of viruses in a bacterial culture was first described in 1915 (Twort, 

1915). In 1917, Felix d’Herelle coined the term bacteriophage (‘bacteria eater’), for the 

virus he isolated from dysentery Bacillus (d’Herelle, 1917). Currently, it is most common 

to use the name phage. A phage is a particle consisting of its genome surrounded by 

protein subunits that form a protective shell or capsid (Lin et al., 1984). Like all viruses, it 

is a subcellular parasite that provides its host cell with the genetic information required for 

its replication.  

There are two types of phages – lytic and temperate. The infection of a bacterium 

by a lytic phage always leads to cell death. A temperate phage, however, can become 

established nonvirulently in the chromosome of its host through a process called 

lysogenization (Lin et al., 1984). This is called the lysogenic response, wherein the phage 

chromosome enters a prophage state (Lin et al., 1984). In this case, complex repression 

systems genetically silence the prophage, allowing the host cell to replicate. These 

repression systems are influenced by specific environmental or cellular conditions that can 

reactivate the prophage and cause lytic development.  

As a side note, some prophages confer toxigenicity to harmless bacteria, giving us 

botulism, cholera, diphtheria, and toxic shock syndrome (Yarmolinsky, 2004). In the 
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present study, we used the temperate phages P1 and λ (for generalized transductions and λ 

Red-mediated mutagenesis, respectively).  

P1 phage has played a prominent role in the development of molecular biology. It 

takes control of its host at 42ºC, but remains lysogenized (latent) at lower temperatures. 

This is an important experimental control point. The lytic cycle is represented in Figure 7 

(Lin et al., 1984). Late in infection, DNA is packed into capsid structures by one of two 

general processes. In site-to-site packaging, phage-encoded endonucleases cleave at 

specific base sequences on the DNA (Lin et al., 1984). λ phage uses this method. The 

second type, which is used by P1 phage, is described as headful packaging. In this 

process, the phage particle is filled to capacity with DNA and the DNA is cut 

nonspecifically (Lin et al., 1984). 

The ability to use P1 phage for genetic manipulation is an immediate result of its 

headful packaging mechanism. Because the packaging is nonspecific, the phage has the 

potential to enclose any DNA that is present in the bacterium late in the infection, 

including any remaining host DNA (Lin et al., 1984). Most temperate phages have 

extensive nuclease activity. As a result, the host DNA is degraded by the time the 

bacterium lyses (Lin et al., 1984). However, P1 phage expresses far fewer nucleases, 

allowing host DNA to be packaged. After a P1 lytic infection, a mixture of DNA-packed 

phage particles is released after the bacterium lyses. These particles consist of both normal 

viruses and viral particles carrying headful fragments of the host chromosome (See Figure 

8). These pseudo-viruses effectively become vehicles for transferring any remaining 

bacterial genomic DNA to other hosts. The host DNA is injected into a sensitive 

bacterium and incorporated into the recipient’s chromosome through homologous 
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recombination (Lin et al., 1984). The phage-mediated transfer of host DNA between 

bacteria is called generalized transduction (See Figure 8).  

  A uniform percentage of these pseudo-viruses will have arbitrarily packaged 

genomic DNA containing the Keio mutations. Moreover, a uniform percentage of 

recipients will incorporate this DNA fragment into their chromosome. In this scenario, 

recipients can be selected for on the basis of kanamycin resistance encoded by their 

antibiotic cassette that replaced the deleted gene (see above discussion of Keio mutation 

design). As relates to the present report, a transductant is a bacterium that has been 

infected with a transducing particle containing a Keio mutation from the donor strain 

DNA. This transductant has the same mutation and kanamycin resistance as the donor 

Keio strain, except it is in our wild-type chromosomal background. The assumption that 

strictly non-essential genes can be disrupted with equal ease is confirmed because 

mutations in strictly non-essential genes yield an equal number of kanamycin resistant 

transductants (Kaya, personal communication). 
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Figure 7. Generalized transduction (Dale, 1989). 

 

 

Figure 8. P1 phage transduction (Lin et al., 1984). Headful DNA packaging makes the phage a vehicle for 

transferring bacterial DNA from its host to another bacterium. Note the relatively minute population of 

phage that become transducing phage, hence the inefficiency of generalized transduction. 
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Some terminology will be useful in the present discussion: we define an outcross 

to be the phage-mediated transfer of DNA from a donor strain to a recipient of a different 

genomic background. A backcross is the phage-mediated transfer of DNA from a donor 

strain to a recipient strain of the same chromosomal background. After any mutagenesis 

procedure, it is common to backcross the new mutations from the mutagenized strain to a 

wild-type strain (Kaya, personal communication). Both of these procedures clear the 

chromosomal background of unwanted secondary mutations and ensures that the 

phenotype of the mutant is the result of its respective deletion. This was not done for the 

Keio collection – so we performed it post hoc. By completing the 3985 transductions, we 

transferred the 3985 Keio mutations into a new background, effectively creating a new 

collection, which we call the KRE collection. 

 

Mutations Masked by Tandem Duplications and Suppressor Mutations 

 

To clarify, the reason to outcross each of the 3985 Keio mutations was two-fold. 

First, after an outcross, we could observe whether the mutant phenotype was the result of 

only its local insertion/deletion mutation. A change in mutant phenotype after an outcross 

would indicate that other influences, aside from the single-gene deletion, were at hand. In 

this sense, an outcross isolates the Keio mutations from their background ambiguities (e.g. 

insertion sequence elements capable of independent transposition, deletions, 

sequence/annotation ambiguities, unknown mutations induced by mutagenesis). As 

transduction is clean and uniform and does not introduce random or extraneous mutations, 

it is a particularly useful technique for checking the deletion mutants.  
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The second impetus to outcross each of the Keio mutations was to identify 

problematic cases of inefficient transduction called restricted crosses. Because non-

essential genes are dispensable, we should be able to disrupt them with equal ease. As we 

know, mutants within the Keio collection are purported to have knockout mutations in the 

coding region of non-essential genes (Baba et al., 2006). Herein, we expect transductions 

of the Keio mutants to yield an unrestricted and equal number of transducants. If this does 

not occur, then other factors allow the host Keio strain to grow normally by masking the 

phenotype of the mutation. In most cases, these masking factors cannot be outcrossed. The 

two most important of these factors were tandem duplications and suppressor mutations, 

which we will examine in turn. As will be shown, each of these factors is associated with 

a certain degree of transduction restriction that can be represented by a low transduction 

frequency. 

The existence of a single-gene knockout was evidence enough for the authors of 

the Keio article to classify a disrupted gene as non-essential (Baba et al., 2006). Often, 

however, an essential gene can be duplicated through homologous recombination during 

DNA synthesis (See Figure 9). Such partial diploids mask the phenotype of an essential 

gene deletion: cell death. That a Keio strain has a tandem duplication indicates that the 

following events occurred: (1) an essential gene was targeted for disruption; (2) a 

population of bacteria in the targeted culture (about 1 percent) had two copies of the 

essential gene target; (3) only those cells with the duplicated gene survived after 

mutagenesis; and (4) the duplication went unnoticed by Baba et al. and the targeted gene 

was classified as non-essential. This logic assumes that gene duplications will be removed 



   21 

when the cell divides if they are unneeded, as is often the case for strictly non-essential 

genes. 

 

Figure 9. This upper half of this figure displays how recombination between homologous sequences leads to 

the duplication of the genes between these sequences. During DNA replication, unequal crossing over 

between the homologous sequences can yield tandem duplications. In this case, the post-replicated 

chromosome will contain two copies of the essential gene. During mutagenesis or transduction, one of the 

gene copies can be replaced by a kanamycin cassette, but the bacteria will survive because it had a 

preexisting tandem duplication. 

 

  For a Keio mutant with a tandem duplication, its kanamycin cassette cannot be 

co-transduced with the essential gene. This is simply because the length of the 

chromosome between the wild-type essential gene and the kanamycin cassette is too long 

for it to be likely packaged into a P1 phage. Consequently, the transductions will not yield 

any transductants because the bacterium dies in one of two ways: (1) it obtains the 

        Gene duplication followed by 
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kanamycin resistance gene but loses the essential gene or (2) it retains the essential gene 

but does not have resistance to the selective media containing kanaycin. The exception to 

this scenario is when the recipient cell already has two copies of the targeted essential 

gene. This occurs in about one percent of the recipient cells (Kaya, personal 

communication).  

  Therefore, the transduction is limited not only by the already low efficiency of 

transduction, but also by the small population of recipient bacteria with a preexisting 

duplicate copy of the targeted essential gene. The events outlined in the previous 

paragraph apply to the later of these limitations: only 1 in 100 bacteria have a tandem 

duplication in the gene target. Given this, we can determine the number of transductants 

we expect to obtain (for the transduction of an essential gene deletion) if we know the 

‘expected’ transductant yield for a non-essential gene deletion. Empirically, for our wild-

type strain, P1 transduction of a kanamycin cassette into a strictly non-essential gene 

consistently yields 200 to 400 knockout mutants (Kaya, personal communication). (In 

these considerations we assume a starting culture of 109 cells). If we multiply this 

‘unrestricted’ or upper-limit range by the percentage (~ 1%) of cells with a preexisting 

duplication in the essential gene target, a range of 2 to 4 transductants is obtained (See 

Figure 10). Hence, for Keio mutations that transduce to yield 2 to 4 kanamycin resistant 

recipients, we designed deletion primers to test for the presence of a duplicate wild-type 

copy of the targeted gene. However, we cannot assume a uniform concentration of 

transducing phage particles, and so the transductant count must be related to the titer of 

the P1 lysate by calculating a normalized transduction frequency for each mutation. This 

procedure will be described shortly. 
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Figure 10. Analysis by counting kanamycin-resistant transductants. The actual comparative analysis was 

normalized using transduction frequencies; however, for the ease of discussion, we assume here the same 

phage concentration (pfu/mL) and recipient starting culture (109 cells). 

 

  P1 transduction is a better method to analyze essential genes because it yields 

colony numbers that are easy to count. In contrast, more efficient mutagenesis methods 

can produce 105 recombinants with the same starting culture. About 1 percent or 1000 of 

these cells possess a tandem duplication. When Baba et al. targeted a gene for deletion, 

they based their essentiality prediction on the 'yes or no' quality of growth or death on a 

plate containing kanamycin. In this case, it is easy to overlook the difference between 

1000 and 10,000 colonies on a Petri dish because there are too many to count. On the 

other hand, as a consequence of the inefficiency of transduction, which results from the 

arbitrary packaging of DNA by P1 phage, we can easily discern the growth of 2 colonies 

from 200 colonies, for example.  
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The other factor that masked the phenotype of many Keio mutations was the 

presence of suppressor or second-site mutations. They are defined as secondary mutations 

that correct the effect of the primary mutations and can be intragenic and intracodonic, in 

the same gene and codon, respectively, as the original mutation, or extragenic, outside the 

original gene (Lin et al., 1984). Consider a mutation that alters the charge of an encoded 

gene, making it nonfunctional; here, a conventional example of an intracodonic 

suppressor mutation would be an amino acid substitution (e.g. arginine to glycine) at a 

position near the mutation in the tertiary structure of a protein that compensates for the 

primary mutation (e.g. by restoring the protein’s native charge) (Lin et al., 1984). Earlier, 

we commented on a type of extragenic suppressor mutation for a primary mutation in 

tpiA, which eliminated the toxic effects that resulted from losing TpiA activity. When a 

mutant requires a suppressor mutation to survive, the disrupted gene is classified as 

conditionally-essential. It is difficult to transfer both the Keio mutation and the second-site 

mutation simply because the P1 phage packages a limited amount of DNA. Consequently, 

very few transductants are produced. The number of transductants varies with the distance 

between the second-site mutation and the kanamycin cassette of the Keio mutation on the 

chromosome.  

 

Differences between the Backgrounds of the Donor and Recipient 

 

The differences between E. coli BW25113 and MG1655_seq_rph+1 are important. 

Both strains are K-12 derivatives; they differ, however, at several genetic loci. BW25113 
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has ∆lacZ, ∆rhaBAD, ∆araBAD, rph-1, and ∆hsdR mutations; MG1655_seq_rph+1 carries 

an insertion element IS1H at the flhDC locus, causing hypermotility.  

In transducing the mutations of the Keio collection, it was necessary to ensure that 

these background mutations from the Keio collection were not introduced to the new KRE 

collection. In other words, we needed to keep the entire new mutant collection isogenic 

except for the particular kanamycin insertion/deletion. Isogeneticity is fundamental to any 

comparison between knockout mutants. This is important to keep in mind because P1 

phage can package about 100 kilobases of chromosome (Kaya, personal communication). 

Consequently, it can cotransduce unwanted lac, rha, ara, or hsd mutations within range of 

the Keio mutations.   

For Keio mutations near the ∆lacZ, ∆rhaBAD, and ∆araBAD mutations, we 

examined whether these background mutations were cotransduced with the intended Keio 

mutation (i.e. whether they were both packed into one phage). Linked or cotransduced 

mutations were observed in the recipient using nutritional color tests: ∆lacZ, ∆rhaBAD, 

and ∆araBAD form white colonies on LB plus X-gal + IPTG, MacConkey + Rhamnose, 

and MacConkey + Arabinose media, respectively. To test for rph-1 and ∆hsdR mutations 

and the presence of the IS1H element, we performed colony PCR on the recipient strains 

to amplify and confirm the wild-type sequence at each of these loci. 

Nearly 30 of the deletions were so close to the background mutations in the donor 

(Keio) strain that they were always transferred together and we could not use transduction. 

Since a group of mutants can be veritably compared only when they are isogenic except 

for the given gene deletion, it was necessary to use a different strategy to add this group of 

mutations to our KRE collection. Our strategy was to amplify the deletion fragment of the 
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mutations in the original Keio strains. The resulting DNA fragments were used to delete 

each of the 30 problematic genes in our MG1655 wild-type strain using the same 

recombination mutagenesis method that was used to produce the Keio collection. The 

resulting mutations were then backcrossed using P1 transduction to MG1655 to remove 

any extraneous mutations. 

 

λ Bacteriophage-mediated Recombination 

 

  An overview of the E. coli homologous recombination system will be of use given 

its importance to the genetic manipulations used in this study. Homologous recombination 

is a fundamental, regenerative process that occurs in every living cell.  In most organisms, 

it occurs infrequently, as it requires a complex set of reactions and an extensive DNA 

sequence homology. In E. coli, recombination with linear DNA is limited by the activity 

of the bacterial RecBCD nuclease (Ellis et al., 2001). The goal of phage-mediated 

recombination systems has been to increase the frequency of recombination (Ellis et al., 

2001). We used the bacteriophage λ Red system (Datesenko and Wanner, 2000), as was 

used to construct the original Keio mutations. The λ Red-mediated recombination requires 

the three gene products encoded on the λ prophage: Gam, Exo, and Beta (See Figure 11; 

Datesenko and Wanner, 2000). Each of these λ recombination functions increases the 

efficiency of homologous recombination with linear, double-stranded DNA (See Table 1).  
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Figure 11. Recombineering. Homologous recombination is the result of the association and exchange of two 

regions of nearly identical gene sequence (Datsenko and Wanner, 2000).  
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λ Phage Protein Activity 
Gam Inhibits the nuclease-activity of RecBCD 
Exo (dsDNA-dependent exonuclease) Digests the linear DNA in the 5’ to 3’ direction, 

leaving 3’ overhangs that act as substrates for 
recombination  

Beta (ssDNA binding protein) Promotes homolgous recombination between the 
chromosome and the synthetic, complementary 
ssDNA donor 

Table 1. Action of the λ Phage proteins as they contribute to providing homologous recombination with 

linear DNA (Ellis et al., 2001). Note: dsDNA and ssDNA represent double- and single-stranded DNA, 

respectively.  

   

  It was necessary to keep track of the problems that might lead to erroneous 

essentiality classification. Flowchart 1 illustrates a few of the sources of error we 

suspected might undermine the results obtained from use of the Keio collection. 

Flowchart 1. Overview of the scheme used by Baba et al. to obtain gene-essentiality data. Possible sources 

of error are given in boxes bordered in red. From the top down: the BW25113 strain has numerous 

transferable background mutations, some of these are uncharacterized; the deletion construct, which will 

recombine with the bacterial chromosome on either side of the targeted gene, can influence expression of 

downstream genes or delete them altogether if it is designed incorrectly; and, as described in a previous 

section, the mutagenesis strategy can produce misleading results. 
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Materials and Methods 

 

Strains. MG1655_seq_rph+1. The mutation ∆rph was repaired in this strain to limit the 

chromosomal background’s influence in this study. In the Keio collection strain 

BW25113, the frameshift mutation in rph severely reduces RNase PH activity, leading to 

an incomplete maturation of tRNA needed for growth. The other mutation in rph is a 

single base pair deletion causing a polar effect on the downstream pyrE gene, which 

encodes orotate phosphoribosyltransferase. This results in partial uracil starvation when 

grown on minimal medium (Jensen, 1993). Together, these factors reduce the growth of a 

∆rph mutant by about 15 percent (Jensen, 1993).  

 

Preparation of P1 Lysates. In this step, we induced the lytic cycle of P1 phage by heating 

a culture of each Keio mutant with a dilution of the virus. Host DNA becomes 

nonspecifically packaged into P1 phage particles. An overnight culture of the Keio donor 

strain was grown in 2 mL Luria-Bertani broth (LB). From this, 150 µL was added to a 

tube containing LB, 5 mM CaCl2, and 1x106 pfu/mL P1 bacteriophage and incubated for 

5-6 hours at 37°C. The tube was next decanted into a 2 mL centrifuge tube with 100-150 

µL chloroform, then centrifuged and stored at 4°C.  

 

P1 Titer Determination (See Figure 12). In the initial outcross of the 3985 Keio 

mutations, the P1 titer was not determined. In a second round of transductions, we titered 

each of the P1 lysates. In this titer step, no kanamycin is present, so the total number of 

phage particles can be determined. An overnight wild-type culture was grown in 2 mL 
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LB. The P1 lysate was diluted in TCM buffer (10 mM final concentrations of Tris-HCl, 

CaCl2, and MgCl2) by a factor of 10-6 and 10-4. In Eppendorf tubes, 100 µL of the 

overnight culture was mixed with 100 µL of the P1 phage dilution. After a five minute 

incubation at 37°C, the phage-bacteria mixture was added to tubes containing 2.5 mL LB 

top agar (0.6% agar; 5mM CaCl2), vortexed briefly, and poured over LB plates. On the 

following day, the number of plaque forming units multiplied by the dilution factor and 

divided by the plated volume (mL) gave the phage concentration in pfu (plaque forming 

units) per mL.  
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Figure 12. P1 titer determination (Lin et al., 1984). A dilution of the phage lysate suspension is mixed with 

a suspension of cells and given time to adsorb (infect). The mixture is then diluted with a molten solution of 

agar and immediately poured over the surface of a hardened nutrient agar. The plates are incubated for 

several hours. Afterwards, the number of plaques is counted to determine the phage concentration. 

 

Trandsuction. In this step, the P1 phage infects the recipient strain. Transfer of host 

DNA containing the intended Keio mutations is selected for on the basis of kanamycin 

resistance. In this case, the method selects for P1 phage containing known DNA with a 

kanamycin resistance gene. This DNA recombines with the MG1655 chromosome to make 
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a bacterium that grows into a colony. The initial outcross of 3985 Keio mutations was 

facilitated by high-throughput methods including the use of 24-well COSTAR dishes (See 

Figure 13). Unrestricted mutations transduced to yield over 100 agar-embedded colonies. 

Mutations whose transduction was restricted were obvious, yielding fewer than 20 

colonies. In the second round of transductions, having titered each of lysates, we 

calculated a transduction frequency for each Keio mutation. This allowed us to compare 

the transduction frequencies of the mutation in each Keio strain. The recipient strain, 

MG1655_seq_rph+1, was grown overnight in LB, diluted into a 1:20 solution, and then 

grown for 6-7 hours. A 1:10 dilution of the P1 lysate in TCM buffer was prepared. A 

mixture of 100 µL of the phage dilution and 100 µL fresh cell culture was incubated for 

20 minutes at 37°C. Next, 1 mL of LB plus 10 mM sodium citrate was added and mixed 

for 1 hour at 37°C. After outgrowth, the sample was centrifuged at 4000Xg for 5 minutes. 

Finally, the supernatant was removed and the cells were resuspended in 100 µL plating 

buffer and spread onto one well of a COSTAR dish containing the selective antibiotic 

kanamycin. 
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Figure 13. The use of 24-well COSTAR dishes facilitated the initial outcross of the 3985 Keio mutations. 

Bacterial colonies are visible in the enlarged well. 

 

Confirming Tandem Duplications. If a transduction yielded very few kanamycin 

resistant colonies, we tested both the Keio host strain and the recipient strains for 

duplicate copies of the target gene. The presence of a tandem duplication indicates that 

the respective gene is not dispensable. It is either essential or requires some special 

condition for growth. Most primers designed to confirm tandem duplications were 20-nt 

in length; they were ordered through the DNA core lab at the Department of Biochemistry 

of the University of Miami. A pair of primers (forward and reverse) was designed 

complementary to either side of the gene target’s open-reading frame. Each primer pair 

was used to run a polymerase chain reaction. For each sample, one colony was suspended 

in 20 µL of distilled water. Of this template mixture, 1.5 µL was taken and loaded into a 

PCR tube containing the forward and reverse primers (1.25 µL each from a 0.1 M stock 

solution) and 6 µL distilled water. Next, 10 µL of 2x PCR Master Mix, ordered from 

Sigma-Aldrich, was added to each PCR tube, mixed, and placed in a thermocycler. The 
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thermocycler was set to a lid temperature of 104°C; the cycle of the temperature changes 

was: 94°C for 5 minutes; 94°C for 45 seconds; 61°C for 45 seconds; 72°C for 5 minutes. 

This sequence was repeated 29 times. The thermocycler held the samples at 4°C after the 

program was complete. The reaction products were harvested and run through a 1% 

solution of agarose in TBE containing 3 µL of 1 M ethidium bromide. To each gel, 100 

volts were applied for about 1 hour. 

 

Preparation of Competent Cells. This step prepares competent cells for transfecting 

with an ASKA clone or pSIM6 plasmid. An overnight culture of the wild-type 

MG1655_seq_rph+1 was grown overnight. It was then diluted 1:100 in LB, grown to an 

optical density, at 600 nm, of 0.600, and put on ice for 30 minutes. Next, 5 mL of the 

culture was placed into a centrifuge tube and spun for 5 minutes at 5000Xg and 4°C. The 

cells were then resuspended in 5 mL of 0.1 M CaCl2 and incubated on ice for 30 minutes. 

The centrifugation was repeated to yield a final volume of 0.5 mL 0.1 M CaCl2. (The cells 

at this point were competent).   

 

Chemical Transformation (See Figure 14). To 0.1 mL of the CaCl2 competent cells, 2.5 

µL of plasmid DNA were transferred. The mixture was kept on ice for 30 minutes, heat 

shocked at 42°C for 2 minutes, and iced once more for 2 minutes. Next, 1 mL of LB 

media was added and the cells were incubated for 1 hour at 37°C. Finally, 200 µL of the 

culture was added to LB plus selective antibiotic plates. Note: the ASKA clones carry 

chloramphenicol resistance; the pSIM6 recombination plasmid confers resistance to 

ampicillin.  
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Figure 14. Basic procedure for plasmid transformation in E. coli (Dale, 1989). 

 

Construction of λ-Red Recombinant. To prepare induced and competent cells for 

electroporation, MG1655_seq_rph+1 was transformed with pSIM6, a heat-inducible λ-

Recombinase plasmid (using methods described in the previous two sections). 

Transformants were selected using resistance to the antibiotic ampicillin.  

 

Preparation of Electrocompetent Cells. The goal of this procedure is (a) to induce λ-

Recombinase and (b) to remove salts from the medium. This step is necessary to ensure a 

high-efficiency transformation. To this end, pSIM6-complemented cells were grown 

overnight in 5 mL SOB (2% Bactotryptone; 0.5% Yeast extract; 10 mM NaCl; 2.5 mM 

KCl; 10 mM MgCl2; 10 mM MgSO4; 20 mM glucose) at 30°C. Next, the culture was 

diluted 1:40 in 20 mL SOB plus 50 µg/mL ampicillin and grown to an optical density 

(OD), at 600 nm, of 0.600. To induce the expression of λ-Recombinase, the cells were 
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heated to 42°C for 15 minutes; from this, a volume of 8 mL was added in each of two 

centrifuge tubes and put on ice for 30 minutes. The cells were washed three times with 

10% glycerol to remove salt. After the third cycle of centrifugation, the cells were 

suspended in 0.3 mL of 10% glycerol to reach a final concentration of 150 OD/mL. 

Induced and competent cells were kept on ice until electroporation. 

 

PCR Primer Design for Mutagenesis. We could not transduce a few of the mutations 

without carrying a second-site mutation (see section titled Differences between the 

Background of the Donor and Recipient). We redid the mutagenesis in our wild-type 

strain using the same insertion sequence of the Keio mutants. We simply amplified the 

kanamycin cassette of the problematic Keio mutations using colony PCR. The forward 

and reverse deletion primers were designed with at least 50-bp homologies on either end 

of the kanamycin cassette. 

To make new gene deletions, both N-terminal and C-terminal deletion primers were 

designed with at least 30-nt extensions ‘away’ from the initiation and termination codons, 

respectively, of the target gene. At least 50-bp homologies on either end of the targeted 

gene are required to induce recombination (Datsenko and Wanner, 2000). To generate 

PCR fragments containing the kanamcyin cassette, the 20-nt sequence 5’-

ATTCCGGGGATCCGTCGACC-3’ and the 21-nt sequence 5’-TGTAGGCTGGAGCTGCTTCG-3’ 

were added to the 30-nt N-terminal and C-terminal deletion primers, respectively. PCR 

fragments were amplified using colony PCR. 
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Electroporation. From the solution of electrocompetent MG1655_seq_rph+1 + pSIM6 

cells, 40 µL was mixed with 10-100 ng of DNA (~ 1 µL) from the PCR product and 

placed in a dry Cell-Porator cuvette. The cells were shocked with 1.75 kilovolts and 

incubated in 1 mL SOC for 1 hour at 37°C. Then 300 µL was spread onto LB plus the 

antibiotic to select for kanR transformants.  
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Results and Discussion 

Part 1: P1 Outcross 

 

In the initial transduction of the 3985 Keio mutations (originally classified as non-

essential), strictly non-essential genes yielded over 100 wild-type size colonies or 

transductants. In these cases, there was no discernable difference between the mutant 

phenotype of the Keio host and the wild-type recipient. For 2364 Keio mutations, we 

conclude their respective genes to be non-essential. Transductions of the other 1621 Keio 

mutations had to be further investigated (See Table 2): 

1. A group of 1536 Keio mutations transduced to yield over 100 transductants, but 

grew slowly in the recipient background. These mutants were not investigated 

further. 

2. A group of 8 Keio mutations could not be transduced from the Keio strain 

because the disrupted gene was necessary for the lysogenization of the P1 

prophage. We used plasmid complementation to resolve this limitation (See 

section titled Complementation Studies).  

3. A group of 77 Keio mutations was most problematic. Transduction of their 

respective mutations was restricted, yielding fewer than 100 kanamycin 

resistant knockouts.  These are discussed below. 
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Slow Growth P1 Phage Resistant Restricted Cross 
1536 8 77 
Table 2. Summary of P1 transductions after initial outcross of Keio mutations into MG1655_seq_rph+1. 

Slow growth phenotype was based on small colony size compared to the size of colonies with non-essential 

gene deletions; P1 phage resistance was based on P1 titer and a P1 sensitivity test; a “restricted cross” was 

determined based on the number of transductants. 

      

Restricted Crosses 

 

  Restricted crosses are inefficient transductions. They are indicative of factors that 

mask the phenotype of a lethal Keio mutant, of which the most important are tandem 

duplications and suppressor mutations (see Introduction). In the case of essential genes, a 

small number of transductions are obtained from the small number of cells with tandem 

duplications in the gene target. For suppressor mutations, the transductions are limited by 

the improbability of the P1 phage packaging both the (necessary) second-site mutation 

and the kanamycin cassette of the Keio mutant. Flowchart 2 gives an overview of cases of 

restricted crosses we observed during the P1 outcross. 

New lysates were prepared and titered for each of these 77 problematic mutations. 

During a repeated round of transductions, we tallied the number of transductants per 

plaque forming unit.  
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Flowchart 2. Overview of the observed cases of restricted crosses. The number of transductants obtained is 

shown.  Cases that required an alternative to P1 transduction (to be described) are shaded in green. 

 

Tandem duplications  

 

  Dr. Rudd noticed that a well-known essential gene, rpoD (the housekeeping 

sigma subunit of RNA polymerase) was deleted in a Keio strain that grew. Later, we 

found that the Keio deletion strain had a trapped duplication. That is, the kanamycin 

cassette replaced one of two rpoD copies.  The duplicate copy would not have been 

maintained if rpoD was non-essential. 

  To examine whether these tandem duplications were common, we tested every 

Keio strain whose outcross was severely restricted. We designed a pair of PCR detection 

primers for 39 mutations whose transduction frequency was less than 10 transductants per 
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107 pfu. PCR testing revealed 20 cases where a knockout mutant was supported by a 

duplicate copy of the disrupted gene. The duplications could be confirmed in both the 

Keio host strain and recipient wild-type strain (See Table 3). Figure 15 shows an example 

of each of three observed cases of tandem duplication we encountered. (For a report of the 

remaining 19 of the 39 mutations (i.e. those without a tandem duplication) we tested, see 

the next section.) 

 

Figure 15. Three different types of observed tandem duplications in Keio collection: (a) hemE is an 

essential gene; (b) deletion of rpsO results in a severe growth defect; (c) co-deletion of an essential gene 

next to btuB. The arrows point towards the wild-type allele. The mutants with tandem duplications display 

both a wild-type allele and the kanamycin cassette. Note: the PCR products for the kanamycin cassettes are 

all the same length; as pictured, the marker sizes in each gel are not aligned. 

 

Determining the cause of the trapped duplications 

 

  To reiterate, the genes deleted as part of the Keio collection are supposedly non-

essential. This assessment is based on the ability of the single-gene knockout to grow 
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when a kanamycin cassette inactivates the given gene target. By transducing the 

mutations, we were able to detect the following problems: 

 

1. Essential genes falsely classified as non-essential. We examined the design of 

the deletion construct for each strain before attempting to classify them. The 

construction is sound if the kanamycin cassette replaces the reading frame of the 

gene target between its initiation and termination codons (Baba et al., 2006). In 

these cases, the presence of a gene duplication indicates that the gene target is 

required for growth (See Table 3).  

2. Mutations that have a polar effect on nearby genes. Of the 20 strains with 

confirmed duplications, four had deletions in what we suspected to be a non-

essential gene (See Table 3). In these cases, the presence of a duplication in the 

gene target was puzzling. The deletion construct was correct for these mutations, 

but it bordered an essential gene. Therefore, we considered the possibility that the 

non-essential gene mutation could inhibit or have a polar effect on the adjacent 

essential gene. To test this possibility, we performed a set of complementation 

studies, which are discussed in the next section. 

3. Conditionally-essential genes falsely classified as non-essential. We 

continuously referenced the published literature for information concerning the 

functional roles of these genes, and we tested ways we could possibly support 

growth of cells with mutations in these genes. After a series of trial and error 

growth studies, we determined that the disruption of four of these genes results in 

auxotrophy. Keio mutants in these genes require special supplementation (See 



   43 

Table 3). Insofar, we classify these genes as conditionally-essential: folE, folB, 

and folP. Without the supplemental nutrient, the respective gene is essential and 

knockout mutants require the duplicate wild-type copy. When we repeated the 

transduction with the required supplement, we observed an unrestricted cross in 

each case. These were causes of nutritional auxotrophy. We also encountered a 

temperature sensitive mutant in rpoH, which cannot grow at temperatures above 

20°C. The Keio mutant in this gene was sustained at 37°C by a duplicate copy. 

The rpoH gene product is a 32-kilodalton sigma factor that confers upon the core 

RNA polymerase the ability to initiate transcription from heat-shock promoters 

(Grossman et al., 1985). Because some heat-shock genes (e.g. dnaK and groE) 

encode proteins that are essential for growth, a mutant in rpoH grows only below 

the heat-shock temperature (Grossman et al., 1985). Hence, rpoH is conditionally-

essential. 

4. Post-mutagenesis selection of recombinants. An exceptional case was observed 

for the ∆rpsO mutant. The host Keio strain had a target gene duplication, but the 

mutation transduced to yield a wild-type recipient with only the deletion allele. 

While the host Keio strain grew normally with the gene duplication, the wild-type 

recipient grew slowly because it lacked the 30S ribosomal subunit encoded by 

rpsO. This illustrates that duplications can be trapped when a nearly-essential 

gene is targeted with mutagenesis. Experimentally, large kanamycin resistant 

colonies with a duplicated target gene will appear several hours post-mutagenesis. 

The phenotype of these mutants is false. True knockouts, without the gene 

duplication, are likely to show up many hours later as tiny or dust size colonies 
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(Kaya, personal communication). It is common to resolve these concerns by 

transducing the targeted deletions out of the mutagenized background. 

5. Mistaken double-gene deletions caused by faulty deletion construct. A gene 

duplication was found in the btuB deletion strain. Because btuB is a well-known 

non-essential gene, we looked closer and found that the deletion allele removes 

the start codon of the adjacent essential gene murI (See Figure 16). Also, we 

observed a wild-type copy of the non-essential gene holD in the ∆holD mutant. In 

this case, the deletion fragment removed the promoter of the nearby essential gene 

rimI. Dr. Rudd used the deletion primer sequences provided by Baba et al. to 

check for all such accidental double-gene knockouts in the Keio collection. Based 

on their primer sequences and gene annotations, about 200 of the single-gene 

knockouts are actually double mutants (Rudd, personal communication). This 

excludes Keio strains whose deletions removed the ribosome-binding site but left 

the open-reading frame of the neighboring gene intact. We remade the mutations 

if the mistakenly inactivated gene was predicted to be essential. Most of these 

faulty double-gene deletions, however, disrupt two non-essential genes, so we 

have yet to remake them. 

 

 

Figure 16. Gene map displaying how a DNA fragment designed to replace a non-essential gene (btuB) 

might faultily inhibit an essential gene (murI) (http://ecogene.org). As a side note, compounds that inhibit 
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MurI have recently become the object of antibiotic research. In addition to catalyzing a reaction in cell 

wall synthesis, MurI has, in some strains, evolved the ability to stop DNA gyrase, which in turn blocks DNA 

replication and cell division (Sengupta et al., 2008). The current panel of antibiotics that inhibit DNA 

gyrase bind while the protein is attached to DNA. When MurI is present, the gyrase is taken away from the 

substrate DNA and these antibiotics do not work. The emergence of multifunctional, compensatory 

enzymes, in a phenomenon called ‘moonlighting’, contributes to the emergence of antibiotic resistance in 

bacteria (Sengupta et al., 2008). 

Table 3. Tandem duplications in the Keio collection donor and MG1655_seq_rph+1 recipient. 

 

Gene  Encoded Product 

Essential Genes, Incorrectly classified as non-essential in the original Keio collection 

parC Topoisomerase IV, subunit A 
lptB probable ABC transporter 
hemE Uroporphyrinogen decarboxylase 
rpsT 30S ribosomal protein, S20 
alaS Alanine-tRNA ligase 
prfB Peptide chain release factor 2 
rpsU 30S ribosomal subunit protein, S21 
dnaG Primase for DNA replication 
glyS Glycine-tRNA ligase, beta-subunit 
groL Chaperonin Cpn60 
glmM Phosphoglucosamine mutase 
rho Transcription termination factor Rho 
rpoD housekeeping sigma subunit of RNA polymerase 
Mutations next to essential genes (See Polar Effects) 

coaA Pantothenate kinase 
coaE Dephospho-CoA kinase 
priB Primosomal protein n 
ileS Isoleucine-tRNA ligase 
Mutations that produce auxotrophy or temperature sensitivity  
 
                                                                                             Condition/Supplement  
rpsO 30S ribosomal subunit protein S15 -  
folE GTP cyclohydrolase I thymidine 
rpoH RNA polymerase sigma 32 temperatures below 20°C 
folB Dihydroneopterin aldolase folate 
folP Dihydropteroate synthase folate 
Faulty double deletion constructs 

holD DNA polymerase, psi subunit (double with rimI) 
btuB B12 uptake (double mutant with murI)  
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Suppressor mutations 

 

Of the 39 strains that had a very low transduction rate and that were tested for 

tandem duplications, 19 were shown to have only the kanamycin cassette, with no wild-

type duplicate. They possibly have a suppressor or second-site mutation that allows a few 

of the deletion mutants to grow. If the second-site mutation is unlinked (more than 80 kb 

apart), it cannot be outcrossed because the two mutations are too far apart to be packaged 

in the same P1 phage particle. This was observed for two of the strains, which must have 

developed the suppressor mutation after the transduction. Outcrosses of the other 17 

strains yielded only one or a few transductants. This was the result of either (a) 

linked/cotranduced mutations within 80 kb or (b) spontaneous suppressor mutations. 

These genes are conditionally-essential. To clarify, a gene that is non-essential, but that 

makes the cells grow slowly, will not restrict the transduction rate. In these cases, 

however, we observed a restricted transduction, limited by the low number of phage 

particles with linked suppressor mutations or by formation of spontaneous suppressor 

mutations. Spontaneous suppressor mutations are apparent when the sizes of the 

kanamycin resistant colonies change over a series of generations. 
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Part 2: Complementation Studies 

 

Circumventing P1 Phage Resistance 

 

  A few of the deletion strains of the Keio collection were found to be resistant to 

P1 bacteriophage. In some cases, the resistance had previously been shown. For example, 

tolQ encodes a protein involved in outer membrane stability and is required for 

translocation of phage DNA from the extracellular capsid – through the outer and inner 

membranes – into the cytoplasm (Lazzaroni et al., 1999). A mutant in ssp (stringent 

starvation protein) shows a defect in the P1 lytic cycle as it shifts from early to late gene 

expression (Williams et al., 2001).  

  Because these mutants were resistant to P1 bacteriophage, we could not make P1 

lysates to transduce their respective mutations. Therefore, we needed to provide the Keio 

BW25113 strain with a wild-type allele of the missing gene. This was done using 

chemical transformation to complement the cells with the appropriate ASKA clone 

plasmid encoding the deleted gene. Transformants were selected using chloramphenicol 

resistance encoded on the ASKA plasmid. Using these cells, we produced and titered new 

P1 lysates. The lysates we obtained were used, as before, to infect our wild-type strain. In 

subsequent transductions, the Keio mutations transduced to yield over 100 transductants 

(as described in the methods section), with the exception of two strains we failed to 

complement (See Table 4). Besides validating the prediction that these genes are non-

essential, we made the Keio mutations available in our wild-type recipient. Mutants from 
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the KRE collection have already been sent to the Coli Genetic Stock Center (CGSC) at 

Yale University. 

  

Keio 
Mutant  

P1 Titer (Without 
complement), 
pfu/mL 

P1 Titer 
(Complemented), 
pfu/mL 

Total 
Number 
of 
Colonies 

# colony/107 pfu  
(Without 
complement) 

# colony/107 pfu 
(Complemented) 

dnaK 1 x105 1 x 108 30 - 300 
lpcA 0 1.3 x 108 20 - 154 
tolQ 0 6 x 107 14 - 233 
rnt 1.6 x107 3 x 105 16 - 53333 
ubiG 3 x106 9 x 107 24 333 267 
ubiX 0 1 x 107 20 - 2000 
recA 0 Failed to Compliment - - - 
ubiH 1 x106 Failed to Compliment - 1000 - 
rfaE 0 3 x 107 10 - 333 
sspA 0 2 x 107 15 - 750 
rfaD 0 2.1 x 108 19 - 90 
rfaC 0 1.1 x 108 24 - 218 
rfaI 0 1.4 x 108 12 - 86 
priA 4 x106 3 x 105 11 0 36666 
hsdM 2 x107 1.6 x 106 18 100 18000 
dnaT 2 x106 1.3 x 108 37 1000 285 
Table 4. Results of complementing P1 resistant strains and very restricted outcrosses. To clarify, the 

purpose of complementing the strains was only to obtain a P1 lysate. Subsequent transductions were 

performed using our wild-type strain.  

 

Polar Effects 

 

  In strains with tandem duplications, we looked at neighboring genes to check for 

polar effects the deletion construct might have on them. This became important when 

considering the ‘candidate’ essential genes that Baba et al. could not disrupt. We describe 

here an investigation of transductants with duplications in non-essential genes. When 

targeting a gene in a multigenic operon, the promoter of the kanamycin cassette can 

sometimes introduce polar effects that influence nearby genes. These are primarily a 
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consequence of the clustering of bacterial genes in operons that are transcribed jointly to 

form a polycistronic mRNA transcript (Lin et al., 1984). That is, ribosomes bind to the 

RNA and progress down the whole of an operon without pause.  

  In total, we found six deletion strains that share the conflict of a partial diploidy in 

a non-essential gene. In these cases, the adjacent essential gene that was disrupted is also 

duplicated. To investigate the contribution of polar effects, we complemented 

MG1655_seq_rph+1 strains with plasmids expressing the non-essential and essential genes 

in question (See Table 5). As described earlier, this was done using chemical 

transformation with the appropriate ASKA clone plasmid. Next, for each pair of 

complemented strains (or group of three in the case of coaA), we disrupted the non-

essential gene by P1 transduction. In this way, we observed the effect of the transduced 

mutation in strains that constituently express each of the adjacent genes. If the non-

essential gene can only be deleted in a strain complemented by an adjacent gene, we 

suppose that this nearby gene is inhibited by a polar effect caused by the transduced 

mutation (See Figure 16).     

  The first example was the priB deletion Keio strain, which was found to have a 

tandem duplication, but the literature (and its presence in the Keio collection) suppose the 

gene to be non-essential. We saw that priB is upstream of the essential gene rpsR by 4 

base pairs. In this case, additional study was required because the presence of a tandem 

duplication does not allow a firm conclusion about the essentiality of the priB gene.  

  A second case was the Keio deletion strain for coaA, a well-known non-essential 

gene. Because coaA is non-essential we were surprised to see that a deletion mutant 

required the wild-type allele.  Interestingly, Dr. Y. Kaya saw that coaA runs in the 
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opposite direction of two adjacent essential genes, birA and murB (See Figure 17). MurB 

catalyzes a reaction in peptidoglycan synthesis and is essential (Zoeiby et al., 2002). A 

birA mutant cannot take up biotin and will die without high concentrations of biotin 

(Campbell et al., 1972). The replacement of coaA with the kanamycin cassette was 

hypothesized to down-regulate the expression of these two essential genes through 

antisense inhibition. That is, the strong promoter of the antibiotic-resistance cassette might 

induce transcription past the deletion construct; in this case, the resulting antisense mRNA 

inactivates the essential gene by binding to the coding mRNA of an essential gene. This 

type of antisense inhibition involving a kanamycin cassette insertion has yet to be 

reported. Before describing our results, we refer the reader to Figure 16, which clarifies 

subsequent discussion. 

 

Gene Deleted by P1 
Transduction 

Gene Complemented by 
Transformation 

Number of Transductants 

murB (essential) ~200 
birA (essential) 0 

coaA 

coaA (non-essential) 0 
priB (non-essential) 1 priB 
rpsR (essential) 48 (tiny) 
ileS  3 ileS 
lspA  8 
coaE  245 coaE 
yacF  0 

Table 5. Polar effects: P1 transduction into complemented strains.  
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Figure 17. Results that provide the first example of antisense inhibition due to kan insertion. 

 

Figure 18. Gene map from Dr. K. Rudd’s database showing the positioning and direction of coaA with 

respect to two essential genes, birA and murB (http://ecogene.org).  

 

  The most striking of the results in Table 5 involves coaA, a gene which could only 

be deleted in a strain complemented with the nearby essential gene murB. The kanamycin 

cassette could not replace coaA without a tandem duplication, despite the fact that coaA 

codes for a non-essential kinase (Valleri and Rock, 1987). This suggests that there is 
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something in the coaA deletion construct that is toxic to the cell. We propose that the 

promoter of the kan cassette induces transcription beyond its insertion site, towards the 

two essential genes. This may inhibit the translation of both murB and birA. As displayed 

in Figure 16, we were able to disrupt coaA in the murB-complemented strain, but not in 

the birA-complemented strain. Perhaps the expression of the kanamycin cassette from 

coaA is sufficient to reduce the endogenous birA expressed and birA expressed from the 

plasmid. One explanation is that murB, as a repressor protein, is required at low 

concentrations, while BirA is required at higher concentrations. The ability to complement 

murB on the plasmid might also be caused by the greater distance between murB and coaA 

than between birA and coaA (See Figure 17). It is interesting that both these gene products 

have been researched as targets for antibiotic inhibitors.  

  Transductions performed with the other gene pairs in Table 5 indicate polar 

effects – which are probably the consequence of perturbed transcription. However, these 

trials would need to be repeated to make a more definitive classification.  

 

Part 3: λ Bacteriophage-mediated Recombination 

 

Linked Background Mutations 

 

As discussed in the introduction, the differences between E. coli BW25113 and 

MG1655_seq_rph+1 are important. While transferring mutations with P1 bacteriophage, it 

was important to keep in mind the background mutations of the P1 donor. The Keio 

collection strain, BW25113, has background mutations at ∆lacZ, ∆rhaBAD, ∆araBAD, 
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rph-1, and ∆hsdR. It also is missing an insertion element (IS1H) at the flhDC locus (See 

Figure 16). To ensure that these background mutations are not introduced from BW25113 

into the KRE collection, we set aside a group of 37 Keio mutants whose kanamycin 

insertion/deletion was within ~80 kb of one the BW25113 background mutations. For 

these mutants, P1 transduction always carries both the kanamycin cassette and one of the 

BW25113 background mutations. For other mutations that were only sometimes linked to 

BW25113 background mutations, we used the nutritional color tests or PCR described in 

the introduction to isolate transductants with just the desired mutation. For the KRE 

collection to be a reliable resource, its mutants must be isogenic, with the exception of 

their respective gene deletions. This way, we know the phenotype of a mutant is caused by 

the inactivation of its targeted gene, and not by a change in the chromosomal background. 

 

  

Figure 19. As this figure displays, the recipient MG1655_seq_rph+1 strain has the insertion sequence IS1H 

at the flhCD locus, but the host Keio strain does not. To ensure that transduction from the Keio mutants does 

not remove our wild-type recipient’s IS1H element, we opted to reconstruct some of the Keio mutations in 

our wild-type without using transduction. We did this for all the genes in the pictured chromosomal frame 

(See Table 6; http://ecogene.org).   
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 We decided to remake the 37 mutants in our wild-type strain MG1655_seq_rph+1 

using recombination (See Materials and Methods). Unfortunately, I was able to remake 

only 12 of the mutants before my time was up. After the return of Dr. Y. Kaya, who was 

on leave towards the end of my stay, the remaining mutants will likely be made. Once the 

mutants are constructed, they can be backcrossed to isolate the mutations any extraneous 

mutations. I suspect that these transductions will be unrestricted and each of the targeted 

genes will be non-essential since none of the genes are predicted to be essential. 

 

Gene Nearby Background Mutation 
cheR Missing IS1H at flhDC 
cheW Missing IS1H at flhDC 
cheA Missing IS1H at flhDC 
motB Missing IS1H at flhDC 
motA Missing IS1H at flhDC 
flhC Missing IS1H at flhDC 
flhD Missing IS1H at flhDC 
uspC Missing IS1H at flhDC 
otsA Missing IS1H at flhDC 
otsB Missing IS1H at flhDC 
araH Missing IS1H at flhDC 
araF Missing IS1H at flhDC 
ftnA Missing IS1H at flhDC 
yecH Missing IS1H at flhDC 
tyrP Missing IS1H at flhDC 
yecA Missing IS1H at flhDC 
yecC Missing IS1H at flhDC 
fliY Missing IS1H at flhDC 
fliC Missing 1S1H at flhDC 
fliS Missing IS1H at flhDC 
yedD Missing IS1H at flhDC 
yedN Missing IS1H at flhDC 
fliF Missing IS1H at flhDC 
fliJ Missing IS1H at flhDC 
yibT rph minus 
kbl rph minus 
rfaB rph minus 
rfaP rph minus 
mutM rph minus 
rpmG rph minus 
yicR rph minus 
slmA rph minus 
pyrE rph minus 
yicC rph minus 
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dinD rph minus 
yicG rph minus 
ligB rph minus 
Table 6. Genes inactivated by mutagenesis that could not be deleted by transduction without a transferring a 

nearby BW25113 background mutations. The 12 strains that I completed are bold in the table; they were 

streaked twice on LB plates plus kanamycin and then frozen in DMSO.  

 

New Deletion Constructs  

  

  The 303 genes that Baba et al. could not make were purported to be essential. Dr. 

Kaya reviewed the literature concerning each of these genes and found that 33 of the 303 

were elsewhere shown to be non-essential. To reassess these and other predictions, we 

designed deletion fragments to produce new mutations in the MG1655 strain (See Table 

7). After segregating the recombinants, we used P1 bacteriophage to transduce the 33 

mutations into BW25113 and MG1655_seq_rph+1. We obtained normalized transduction 

frequencies and, in 25 cases, saw no restricted crosses. For 8 other strains, we failed to 

obtain working lystates and, for lack of time, did not backcrosss the mutagenized strains. 

In sum, we confirmed the non-essentiality of these genes, regardless of background.  

 
 
 
Deletion 

P1 Titer/ 
109 

(pfu/ml) 

 
 
 
Total colonies (Sum)       
MG1655     BW25113 

 
 
 
# colony/ 107 pfu 
MG1655       BW25113 

btuB 0.149 276 400 18500 26800 
intZ-yffS 0.014 135 300 9640 2140 
holD 0.291 15 200 51 68 
rimI 0.0984 282 300 2800 3040 
ydfB 0.048 18 300 375 620 
yhhQ 0.0161 123 128 7630 7900 
yhbV 0.0302 35 200 1100 6620 
bcsB 0.0509 60 131 1100 2500 
yfiT 0.0164 27 87 1600 5300 
yrbB 0.0644 52 300 800 4600 
ydiL 0.168 12 95 71 560 
entD 0.0524 24 25 400 400 
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yqgT 0.096 20 200 200 2000 
yagG 0.0406 200 134 4900 3300 
yigP 0.0003 48 60 160000 200000 
ubiB 0.0002 200 200 111100 111100 
ymfK 0.0002 300 5 16600 2700 
yraL 0.0368 166 284 4500 7700 
alsK 0.0272 300 200 1200 800 
cydA 0.0009 300 300 37000 37000 
cydC 0.0003 232 52 85900 19200 
waaU 0.0051 300 300 58800 58800 
wzyE Mutagenesis Failed 
minD 0.0016 39 55 2700 3820 
minE Mutagenesis Failed 
Table 7. New deletions not in Keio collection and their transfer (using P1 transduction) into Keio and KRE 

collection backgrounds.  

 

  We found that some of the constructed mutants required special media, additional 

supplements, or other unique conditions to grow. For example, gapA encodes for 

glyceraldehydes-3-phosphate dehydrogenase (GAPDH), which converts glyceraldehyde-

3-phosphate (GAP) into 1,3-bisphosphoglycerate (Seta et al., 1997). We observed that a 

gapA mutant could only grow on minimal media supplemented with diaminopimelic acid 

(DAP). The biosynthesis of diaminopimelic acid, an essential component of peptidoglycan 

in the bacterial cell wall, is limited by the presence of pyruvate (Fraenkel et al., 1996). In 

a gapA mutant, pyrvate is limited; moreover, the increased concentration of GAP (without 

GAPH) leads to a higher rate of isomerization to dihydroxyactone phopsphate (DHAP). 

As described in the introduction, DHAP spontaneously decomposes to the toxic 

intermediate methylglyoxal (Kaya, personal communication). We were only able to 

isolate a gapA mutant on minimal media, which might be the result of the lower glycolytic 

activity in limiting conditions, and consequently lower concentrations of the toxic 

intermediate.  
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Also noteworthy, we examined an unknown essential gene, yffS, which borders the 

prophage remnant Eut/CPZ-55. E. coli K-12 strain MG1655 has seven such prophage 

elements (http://ecogene.org). We found that the inactivation of this gene alone causes cell 

death, while the deletion of the whole prophage element (9 genes total) does not seem to 

affect the cell. Hence, one function of the yffS gene might be to repress the Eut/CPZ-55 

prophage. 

 

Conclusions 

 

 Though P1 transduction is a much used laboratory technique, to date it has not 

been applied to assess gene-essentiality. It is uniquely apt to such characterizations in its 

uniformity and inefficiency. In addition, our analysis of essentiality was mostly 

quantitative, in contrast to the less stringent, qualitative assessment used in the original 

mutagenesis caused by recombination. It should also be reiterated that an efficiently 

mutagenized cell is prone to secondary mutations that a transductant is not.  

 After the few remaining experiments are completed, Drs. Rudd and Kaya will 

report, in addition to the essential gene set, new classes of essentiality: (1) non-essential 

genes, including all the unrestricted crosses; (2) essential genes, those which cannot be 

inactivated in a haploid; (3) conditionally-essential genes, those whose inactivation 

requires some second-site mutations. The reviewed assignments of gene essentiality are 

incorporated into Dr. Rudd’s website, which can be accessed at http://ecogene.org. 

 In the initial outcross, we verified most of the results of the Keio collection. 

Genes whose disruption was restricted in this step were retested and classified as either 
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essential or conditionally-essential. For genes with a low transduction frequency, we 

proceeded to check for a tandem duplication or second-site mutation. If this step was 

inconclusive, we considered the possibility of polar effects or P1 resistance. If the deletion 

construct of a Keio mutant was at fault (e.g. double-mutants, nearby background 

mutations) or if a gene deletion was not present (due to lack of sequence annotation at the 

time of the Baba et al. study), we mutagenized the gene, and subsequently transduced 

each recombinant to observe the efficiency of gene transfer.  

 These experiments demonstrate a number of problems that confront a genome-

wide study. They show the importance of referencing the literature to compare results and 

check for problems.  
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