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Preface

We would like to use this opportunity to say a few words about how and why this book
emerged. Our story goes back to the early 2000s at Integrated Genomics Inc., in
Chicago, when we embarked on a project fostered by Michael Fonstein to establish a
high-throughput approach to systematically probe the relative importance (contribution
to fitness) of genes in Escherichia coli under a variety of growth conditions. Since Fred
Blattner’s and, later, Hirotada Mori’s groups were pursuing the gene-by-gene knockout
strategy, we chose to adopt a complementary “transposomics’” approach. This tech-
nique, if successfully implemented in set conditions, could be expanded toward com-
parative studies in multiple conditions and potentially in other species of clinical and
industrial importance. We were convinced that a comparative approach would become
a key to the successful analysis of gene essentiality data, just as it had proved to be
valuable in other genomic techniques. This triggered the idea for this book, which was
to bring together various research groups that developed and applied a variety of tech-
niques for genome-scale analysis of gene essentiality in diverse microorganisms. We
believed that it would not only provide guidance for future studies but also further the
establishment of comparative analysis of gene essentiality as an important addition to
the Systems Biology toolbox.

This book sends a message to new investigators that gene essentiality technology
already exists in various implementations, ready for immediate application to numerous
fundamental and practical tasks. Despite remaining hurdles, many technical problems
have already been addressed and resolved due to ingenuity and persistence of pioneer-
ing research groups, many of which have contributed to this book. Still, this technology
is not yet available as an off-the-shelf service. Hence, this book provides researchers
with a first-stop guide for choosing the most appropriate strategy for their planned
essentiality studies. Experimental and computational aspects are equally important in
genome-scale gene essentiality analysis, as in all other genomic technologies, and we
attempted to reflect both of these aspects in the book.

We are deeply grateful to all contributors who agreed to share their valuable experi-
ence in developing and applying this revolutionary methodology. We hope that their
efforts (as well as patience and tolerance during the entire time between inception and
publication of this book) will be rewarded by the utility and impact of this volume on
the anticipated rapid progress of gene essentiality studies. We would especially like to
thank John Walker for his inspiration and guidance in preparation of this book and
Cindy Cook for her valuable help with technical editing and handling the
manuscripts.

Andrei L. Osterman
Svetlana Y. Gerdes
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1

Overview of Whole-Genome Essentiality Analysis

Karen Joy Shaw

Genomic sequencing has transformed modern biology into an age of global analysis
of gene expression, protein pathways, and metabolic networks. To understand whole-
cell function, biologists and bioinformaticians in many fields have developed a diverse
set of methods and tools to identify genes essential to a particular organism under a
particular set of conditions. Gene Essentiality: Protocols and Bioinformatics reviews
many of these diverse techniques and experimental procedures developed to analyze
entire genomes of a variety of prokaryotes and eukaryotes.

The need to identify novel antibacterial and antifungal drug targets has been one of
the major drivers for the development of techniques designed to determine gene essen-
tiality. Through the large-scale identification of essential genes, an abundance of targets
became available for drug screening. Many biotechnology and pharmaceutical compa-
nies spent a decade exploring essential gene research with the goal of identifying
inhibitors of essential gene products that would mimic the phenotype of a gene knock-
out or knock-down. If an inhibitor could successfully reach the gene product, it would
either kill or block the growth of any microbe that required the functional gene.
Although there have been a few success stories, such as the peptide deformylase inhibi-
tors, this approach has added few drugs to the antimicrobial arsenal. In general, the
failure of this approach resulted from the inability to find inhibitors capable of permeat-
ing the cell, rather than from difficulty with inhibiting the particular target protein. The
question, however, of which essential targets are “druggable” is still an open one and
is somewhat negatively biased by the “anti-microbial-unfriendly” makeup of modern
pharmaceutical small-molecule libraries.

One fundamental procedure for assessing gene essentiality is the use of transposon
mutagenesis. Transposon insertion into a gene generally interrupts transcription;
however, an insertion may also demonstrate polar effects on the transcription of distal
genes in an operon. In addition, transposons sometimes have preferential sites of inser-
tion. In Chapter 2, Reznikoff and Winterberg describe many of the transposon-based
techniques that have been used to identify essential bacterial genes. In establishing these
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techniques, several of these issues have been addressed, including the use of trans-
posons containing an outward promoter to reduce polar effects on downstream gene
expression. In addition, transposons have been developed or selected that randomly
insert and are able to uniformly saturate the genome. Baldzsi (Chapter 23) evaluates
the validity of some of these assumptions, and Will (Chapter 22) discusses some of
the statistical methods that are used in predicting the probability that a gene is essential
from the data generated by random insertion libraries. Jacobs and Liberati et al. (Chap-
ters 9 and 10) examine the development of random and near-saturation transposon
insertions in Pseudomonas aeruginosa. In the former, a library of 30,100 unique trans-
poson insertions was generated using Tn5 IS50L; in the latter, an insertion library of
34,000 mutants was developed using a mariner-based transposon. Both of these librar-
ies represent multiple insertions into nonessential genes. Bae et al. (Chapter 7) describe
the development of a mariner transposon—based insertion library of Staphylococcus
aureus. Miki et al. (Chapter 13) use mini-Tn/0 insertions to disrupt cloned fragments
of the Kohara A library of the Escherichia coli chromosome. A lysogeny is used to
transfer the disruptions into the E. coli chromosome by homologous recombination with
the cloned insert, generating a partial diploid. A second recombination event generates
either the wild type or the haploid disruption mutant, the latter of which is only recov-
erable for nonessential mutants.

Methods for analysis of transposon insertions can be categorized as either a gene-
by-gene or a genomic approach. Genomic approaches generally involve assessing
essentiality by “who is lost” from the population compared with a zero time (¢,) or
compared with a population grown under another growth condition (e.g., minimal vs.
rich media). Such techniques require enough generations of growth to dilute the signal
of the mutagenized cell to the point where it is undetectable but fail to distinguish
between overt cell death and the inability to grow under the particular selective condi-
tion (however viable). Although often functionally similar, distinguishing between
these two results may have important ramifications in the search for drug targets that
are likely to lead to bacteriostatic versus bactericidal agents.

Transposon mutagenesis has also been an important tool in the identification of
essential genes in eukaryotes. Smith et al. (1) described an in vivo footprinting method
in Saccharomyces cerevisiae, one of the first global strategies for simultaneous analysis
of the importance of genes to the fitness of an organism under particular growth
conditions. After insertional mutagenesis by a modified Tyl element, the investigators
divided the mutagenized population into aliquots that were each grown under different
physiologic conditions. DNA was isolated at f, and after subsequent generations of
growth, during which time there was a depletion of the mutated cells that were unable
to grow (or grew more slowly). If a gene was essential, polymerase chain reaction
(PCR) amplification of that gene using a gene-specific primer and a transposon-specific
primer would result in fewer amplification products than the zero-time control. In col-
laboration with a team of scientists at Genome Therapeutics Corporation, my laboratory
adapted this strategy to bacteria and developed a method for globally determining the
importance of a particular gene to the fitness of E. coli using a mini-Tn/0 transposon
with an outwardly oriented promoter. In addition, we demonstrated that genetic com-
plementation of an essential gene restores the ability to detect PCR products from that
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gene (2). Gerdes et al. (3) expanded on this technology and identified 620 essential
genes and 3126 dispensable genes in E. coli under conditions of robust aerobic growth
in rich media. Because there is a strong tendency of genes and functions that are defined
as essential in E. coli to be essential throughout the bacterial kingdom, by presenting
the full footprinting data set, this work has become a critical resource to scientists
involved in antibacterial drug discovery as well as in basic research in bacterial physi-
ology. This work is reviewed by Scholle and Gerdes (Chapter 6). Footprinting technol-
ogy does have some limitations, including the difficulty in assessing the essentiality of
small genes (<400bp) due to the lower number of transposition events per gene, inabil-
ity to assess duplicated genes or genes with functional paralogs, and regions that are
“cold spots” for transposition.

Wong and Akerley (Chapter 3) review the techniques involved in the identification
of essential genes using GAMBIT (genomic analysis and mapping by in vitro transposi-
tion) technology, which is similar to genetic footprinting but utilizes the mariner
transposon to generate insertions into PCR-amplified genomic segments in vitro, with
the subsequent introduction of these fragments into naturally competent bacteria
(Haemophilus influenzae and Streptococcus pneumoniae). Although lacking a true ¢,
essential genes can be identified and functional genomic analysis performed.

Similarly, Murry et al. (Chapter 4) describe a method using the mariner transposon
in Mycobacterium tuberculosis and Mycobacterium bovis BCG that utilizes transposon
site hybridization (TraSH). This technique can determine the complete set of genes
required for growth under particular conditions by differential hybridization to micro-
arrays but has the same limitations as the footprinting technology. TraSH has also been
used to evaluate the requirements for Mycobacterium tuberculosis survival in a murine
model of infection (4).

Genes that are essential for pathogenesis formed another focus of inquiry in the study
of infectious diseases and in the search for new antimicrobial agents. Techniques devel-
oped to identify genes critical for growth, survival, or virulence in vivo but not in vitro
include in vivo expression technology (IVET), signature-tagged mutagenesis (STM),
and microarray technology, all of which were adapted to a large variety of organisms.
STM experiments involve transposon mutagenesis using an element that is engineered
to contain a short variable region (the signature tag). After passing mutant pools through
animals, the relative abundance of each tagged mutant in the input and output pools is
compared, either by colony hybridization, dot blotting, hybridization to high-density
oligonucleotide arrays, or by PCR. The latter adaptation of STM is described by
Sanschagrin et al. (Chapter 5) and was used to identify P. aeruginosa genes that are
critical in a rat model of chronic respiratory infection. One downside to this technique
is that mutant collections must be grown in the laboratory prior to introduction into the
animal, thus eliminating genes that are essential for growth/survival both in vitro and
in an animal model. Additionally, gene targets identified through this methodology
were, by definition, important for the establishment of infection (such as adherence,
etc.) and would not necessarily be sensitive to small-molecule inhibitors once an infec-
tion was already established (e.g., maintenance).

Gene expression in vivo could also be assessed by IVET technology, which is used
to detect genes that are transcriptionally induced during an infection. This technique
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identifies randomly cloned promoter sequences that permit expression of a promoter-
less gene required during bacterial growth in an animal host. Clones containing these
“trapped promoters” are recovered and identified. One of the limitations of IVET is
that the ability to detect a particular gene depends upon relative level and timing of
gene expression in vivo. In addition, the number of organisms needed to be introduced
to the host is relatively large, and therefore the gene regulation observed may not reli-
ably reflect the events that occur during natural infection of the host.

In higher organisms, gene disruptions have been used for functional analysis, cellular
network interpretation, and in the selection of targets for drug discovery. Kumar
(Chapter 8) describes a methodology for functional analysis of S. cerevisiae, aided by
the development of a single transposon designed for gene disruption, lacZ fusion, and
epitope tagging. Yeast strains containing transposon insertions can be screened for
phenotypes and/or protein localization, and the site of transposon insertion within these
strains can be identified by PCR or other approaches. Most of the transposon insertion
can be removed using cre-lox recombination, leaving behind an epitope tag. Chu and
Davis (Chapter 14) report on the methodology used to create the publicly available
yeast knockout collection containing deletions of nearly all of the approximately 6200
open reading frames in S. cerevisiae. Each deletion mutant is uniquely identified by a
“molecular bar code” or tag, allowing parallel analysis of relative fitness under different
physiologic growth conditions by microarray hybridization, reminiscent of footprinting
and TraSH analysis. Meluh et al. (Chapter 15) describe the use of these S. cerevisiae
knockouts in a diploid-based synthetic-lethality analysis by microarray (dSLAM)
for the global identification of the fitness of double mutant strains and to monitor
the genetic interactions between genes. Peyser et al. (Chapter 25) present statistical
analysis methods for TAG microarray hybridization data to improve sensitivity and
specificity.

Conditional lethal mutants and downregulated gene expression have often been used
in high-throughput whole-cell screens to identify novel antimicrobial agents active
against essential gene products. These screens operate under the premise that with
diminished expression or activity, cells may be hypersensitive to compounds active
against the gene product. Herring (Chapter 21) describes the identification and utility
of conditional lethal amber mutations of E. coli. Similarly, antisense technology has
also been used to identify essential genes, to evaluate their function during in vitro
growth and during infections, and to screen compound libraries in cell-based compara-
tive hypersensitivity assays. Antisense technology is based on the phenomenon that
dsRNA is rapidly destroyed in organisms, leading to reduced gene expression. Yin and
Ji (Chapter 19) and Forsyth and Wang (Chapter 20) describe the construction, char-
acterization, and use of gene-specific and genomic antisense libraries in S. aureus.

In recent years, technologies for precise deletion of a gene have markedly improved
in many organisms. Generally, they involve two recombination events: the first replaces
the gene with a selectable marker, and the second removes the marker leaving minimal
scarring at the site. The latter step is especially important in correctly assigning gene
function in operons where there may be polar effects. Fehér et al. (Chapter 16) describe
techniques that allow the scarless removal of single genes and the construction of serial
deletions in E. coli. For nonessential genes, knockout mutants are an extremely useful
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tool for analyzing biological function and metabolic flux. Baba and Mori (Chapter 11)
and Baba et al. (Chapter 12) describe the construction of the Keio collection of single
gene deletions of all 3985 nonessential genes in E. coli K-12 and their utility for func-
tional analysis. They report the inability to disrupt the remaining 303 genes, the hall-
mark of genes that are essential under the growth conditions tested. Allelic replacement
mutagenesis is described by Song and Ko (Chapter 28) for S. pneumoniae.

Methods, such as precise deletions, have been critical for accurate assessment of the
“minimal genome,” which has been estimated to be approximately 200 to 400 genes.
Using Tn5 transposons and a Cre/loxP excision system, Yu and Kim (Chapter 17)
describe the construction of E. coli strains with large deletions. Through P1 transduc-
tion and recombination, a cumulative deletion strain was constructed that lacks nearly
300 open reading frames (ORFs) but exhibited normal growth. Kato and Hashimoto
(Chapter 18) report a recombination method for preparing large-, medium-, and
small-scale deletions and engineered an E. coli strain lacking approximately 30% of
the genome.

The sequences of nearly 400 genomes are now publicly available, as are data analysis
tools including ORF prediction, genomic comparisons, motif identification, and protein
structural comparisons. Yamazaki et al. (Chapter 26) describe the PEC database of
E. coli genes that includes data on essentiality, results of similarity searches, and infor-
mation about structural domains, motifs, and homologues. Considerable progress has
been made in gene annotation and the assignment of putative function; however, this
continues to be an area of intensive work. A database of essential genes (DEG) is
described by Zhang and Zhang (Chapter 27) that can be searched and BLASTed. DEG
also includes functional information on the essential genes of nine genomes. It should
be noted that discrepancies sometimes exist in the reported lists of essential genes
for a particular organism ascertained by laboratories using different genome-scale
techniques. Grenov and Gerdes (Chapter 24) discuss the basis for some of these
differences.

Using bioinformatics to predict gene essentiality began with genomic comparisons
to identify conserved gene families. After subtracting genes based on similarity to
human or other mammalian databases, these families were often further parsed into
“bacterial specific” or “fungal specific” gene lists, from which targets were chosen for
antibacterial or antifungal drug discovery. However, assumptions about essentiality
across species based on experimental evidence in one species are sometimes faulty due
to gene duplications, gene substitutions, and alternative pathways. This occasional
genetic diversity was found to significantly alter the anticipated bacterial spectrum of
newly identified inhibitors of essential gene targets.

Better understanding of the metabolic capabilities of each particular organism is also
critical to predicting conservation of essentiality across species. Rocha et al. (Chapter
29) describe a process of iterative modeling of metabolic networks that takes into
account available literature, determinations of reaction stoichiometry, energy and meta-
bolic flow, as well as other physiologic parameters. The resulting algorithms have
important applications to engineering microbial metabolism for the production of desir-
able metabolites or for strain improvement. Joyce and Palsson (Chapter 30) use flux
balance analysis, a mathematical technique, to assess the capabilities of metabolic
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networks using E. coli as a model. These in silico results are important in the interpre-
tation of the complex relationship between genotype and phenotype and can be applied
to our understanding and prediction of gene essentiality.

The sequence of a genome has become an important, basic tool for biologists inter-
ested in the function of a particular gene or set of genes and often provides insights in
studies of metabolic pathways. In addition, comparative genomics and mutant analysis
help to elucidate the role of specific genes in the life cycle and lifestyle of an organism.
The technological advances in the evaluation of gene essentiality, either in vitro or in
vivo, have resulted in the delineation of the critical genes for life in many different
organisms. These findings contribute to our basic understanding of the biology of these
organisms, our knowledge of host-pathogen relationships, and our strategies and direc-
tions for antimicrobial drug discovery, so critical in an era of increasing microbial
resistance.
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Transposon-Based Strategies for the Identification of Essential
Bacterial Genes

William S. Reznikoff and Kelly M. Winterberg

Summary

We present a conceptual review of transposition-based strategies for determining gene essentiality on
a one-by-one basis in bacteria. Many of the techniques are described in greater detail in individual chapters
of this volume. The second section of this chapter deals with transposition-deletion—based strategies for
determining the essentiality of blocks of genes. This latter approach has the potential to experimentally
define the minimal required genome for a given organism.

Key Words: deletion; essential genes; insertion; transposon.

1. Introduction

A century of research work has been focused on the analysis of genetic determina-
tion of biological properties. With the advent of genome projects, in which the DNA
sequences of the genomes for an ever-expanding group of organisms are now available,
we are still faced with the daunting challenge of determining the functional importance
of the various genes present in any given genome. One approach to this functional gene
analysis is to determine which genes in an organism’s genome are required for survival
and growth in any particular environment; in other words, which genes are essential.
A strategy for determining gene essentiality is to attempt an isolation of knockout
mutations of the genes in question. Failure to isolate such a knockout mutation in a
particular gene is taken as presumptive evidence that the gene in question is essential
in the tested (all?) growth conditions. Alternatively, a gene might not be essential in
one defined condition but be essential in another test circumstance. In these cases, the
gene mutants can be studied for their effects on survival and growth under various test
circumstances. DNA transposition, in which the transposon acts as an insertion mutagen
or, in some cases, as a deletion mutagen, is a powerful approach for the generation
of appropriate knockout mutations for these studies. This chapter provides an over-
view of transposition strategies for determining gene essentiality. The individual
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strategies are described in more detail elsewhere in this volume and in other cited
references.

There are two different types of questions that are addressed in these studies. The
first most common approach is to ask whether a given particular gene is essential in an
otherwise complete, intact genome. This one-by-one approach looks at particular genes
but sometimes misses the particular functions encoded by the genes. This is because
genomes sometimes contain more than one gene encoding products capable of perform-
ing the same function. We call such genes redundant. In this case, each such redundant
gene could be individually destroyed with no impairment to the organism’s survival
and growth even if the function is essential. To determine that the particular function
is essential, one would need to destroy all redundant genes and demonstrate survival
and/or growth impairment. Thus, we must also look at strategies that can be used to
define essential functions regardless of whether various functions are encoded by
unique individual genes or redundant genes. For this type of inquiry, one can also
use transposition-based approaches to generate large-scale deletions. These large-
scale deletions not only offer an approach to identifying essential functions
encoded by redundant genes but also suggest a strategy for dramatically shrinking
the size of the organism’s genome perhaps to the extent of defining a minimal essential
genome.

This chapter shall first describe transposition systems that are used to generate indi-
vidual insertion mutations. These techniques are based on the straightforward applica-
tion of standard transposition mutagenesis that is schematically described in Figure 1.
For the more global goal of shrinking the genome in order to define essential functions,

— Transposon

~>=

Transposase

Gene X
— Target DNA

X = —

Fig. 1. Intermolecular transposition. The DNA transposons typically used for genetic analy-
sis experiments are excised in a transposase-catalyzed fashion from their original genomic
location. Pictured here are the next steps in transposition. The excised transposon complexed
with transposase binds to target DNA (Gene X), and the transposase catalyzes integration
of the transposon into Gene X thus generating "X and X’ sequences. The transposase is pre-
sented as a circle. The specific end DNA sequences of the transposon are presented as open
triangles.
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Fig. 2. Intramolecular transposition and adjacent deletion formation. A composite transposon
is used for adjacent deletion formation. The composite transposon is made up of two transpos-
able elements both defined by one open triangle and one closed triangle. Insertion events are
first generated using intermolecular transposition of two closed triangles (not shown). An open
triangle—specific transposase is synthesized, binds to open triangle ends, forms a synaptic
complex, and then catalyzes intramolecular transposition to a site thousands of base pairs away,
thus generating a deletion. This technology is described in more detail in Ref. 12.

Intramolecular
transposition

we shall describe deletion strategies that either use a random, transposition-based tech-
nology in which a composite transposon catalyzes inside-out intramolecular transposi-
tion (Fig. 2) or a transposon-to-transposon excision methodology between two insertions
generated previously by standard transposition methodology (Fig. 3).
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Fig. 3. Site-to-site deletion through Cre-catalyzed excision of DNA defined by two transpo-
son inserts. Two Tn5-like inserts are separately generated through the electroporation of premade
transposition complexes. Both transposons carry loxP sites (filled-in triangles), but one encodes
kanamycin resistance (Kn") and the other encodes chloramphenicol resistance (Cm"). Cre expres-
sion catalyzes the excision of DNA between the two /oxP sites. See Ref. 19 for a more detailed
description of the technology.
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2. General Requirements

Hundreds of transposons have been identified and studied to some extent (1) so it
would seem that a very large number of tools are possible. The transposition systems
that are discussed in later chapters in this volume or related literature include Tn3, Tn5,
Tn7, Tnl0, Tn4001, and mariner. Although historical accidental choices certainly
played a role in choosing these systems, the choice of transposon tools are restricted
to ones that are well-enough studied so that we know that they can be made to fulfill
the following requirements. First, the element must manifest a sufficiently high fre-
quency of transposition through the desired protocol so that it is possible to achieve
saturated mutagenesis (every gene hit at least once) in the organism’s genome. Second,
the targets chosen by a given transposition system should be sufficiently random so
that any gene can suffer an insertion within the given procedure. It should be noted that
all transposons likely manifest some degree of target sequence bias. Nonetheless,
several of the transposition systems that are used as tools manifest a reasonable approxi-
mation of target randomness. Third, the transposition products should be genetically
stable. This last criterion is typically achieved by not having the transposon-specific
transposase synthesized in the target cells subsequent to the planned transposition
event. Once these general requirements are met, the element of choice needs to be
compatible with the transposition strategy used to generate the knockout libraries. We
will describe below several different transposition strategies. Finally, the transposon
of choice needs to contain the desired genetic markers demanded by the particular
strategy. The most universal marker needed is an appropriate antibiotic resistance
marker that will allow the selection of the desired transposition events in the particular
host cell.

3. Transposon Structure

In general, natural transposons have the following basic structure (Fig. 4). They are
defined by short (typically less than 50 bp), transposon-specific terminal DNA sequences.
In many cases, these terminal sequences are inverted versions of the same or closely
related sequences. The specific terminal inverted repeat sequences are key components
of all the transposons that we shall use. Natural transposons also contain a gene encod-
ing the transposon-specific transposase. The transposase binds specifically to the ter-
minal inverted repeat sequences, forms a transposase-DNA synaptic complex, and, in
the presence of Mg”*, catalyzes the transposition events. Because of our need to gener-
ate genetically stable transposon inserts, the gene for transposase synthesis has been
deleted from all of the constructs used in our studies. Instead, the transposase is encoded
by a gene located outside of the transposon structure and is lost after transposition
or else the transposase is provided biochemically. All transposons used in these
studies encode antibiotic resistance in order to allow for the biological selection of
the desired genetic events. Finally, transposons can be constructed to contain DNA
sequences encoding other desired functions such as primer binding sites, T7 RNA
polymerase promoters, site-specific recombination sites, genes encoding reporter func-
tions, and so forth. In fact, transposons can carry any desired sequence as long as the
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Fig. 4. Transposon structure. A natural DNA transposon has three components. The trans-
poson ends are defined by two short (<50bp), terminal, specific DNA sequences that typically
are inverted versions of each other (open triangles). The transposon also encodes a transposase
protein that catalyzes transposition of DNA sequences defined by the inverted terminal DNA
sequences. Not shown are other genes that may be carried on the transposon. These other genes
encode products that typically play no role in the transposition mechanism (i.e., antibiotic-
resistance genes). By supplying the transposase exogenously, the transposon can be simplified
as an experimental tool. In this case, the terminal transposase recognition sequences bracket DNA
that contains the desired sequences. For example, the transposon can be constructed to contain
an appropriate antibiotic resistance gene, outward-facing T7 promoters, and a loxP site.

length of DNA between the terminal inverted repeats is not so long (typically over
several thousand base pairs) as to impair transposition.

4. Transposition Strategy

There is extensive literature that describes the use of transposons as genetic tools
utilizing in vivo technologies; for instance, see the review by Berg et al. (2). These
technologies utilize plasmid transformation or conjugation, or phage infection as a
means for introducing the transposon into the target organism. The first adaptation was
the use of plasmids or phages that were “suicide vectors.” For suicide vectors, the phage
genome or plasmid cannot be stably inherited by the target organism under the desired
experimental conditions. The second property of suicide vectors is that the transposon-
specific transposase is encoded by a gene that is contained on the phage or plasmid but
outside of the transposon itself. Thus, after transposition and loss of the suicide vector,
no transposase encoding sequence would be present and the transposition product
would be genetically stable (Fig. 5). Systems that have utilized this type of in vivo
strategy include the following examples: the signature-tagged mutagenesis (STM) Tn5
system (3), the Tn4001-based individual knock-out system (4), the Tn/0-based indi-
vidual knock-out system (5), the mariner-based individual knock-out system (6-9),
and the Tn5-based system for distinguishing cytoplasmic versus membrane proteins
(10, 11). Finally, a modified version of a suicide vector strategy was used in the
Tn5-based adjacent deletion technology (12).

A major accomplishment in transposition research was the development of in vitro
transposition systems for a select group of transposons. The goal of this biochemical
work was to enable research into the molecular basis of transposition, but the resulting
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Fig. 5. Transposition mediated by a suicide vector system. The purpose of suicide vector
systems is to allow in vivo transposition that results in genetically stable products; no subsequent
transposition occurs after the initial insertion because no transposase is available. In this case,
a suicide plasmid is utilized. The plasmid carries the transposon of choice (defined by solid tri-
angles on either side of a Kn' gene), an origin of replication (ori) that is unable to function in
the chosen conditions, and a gene encoding the transposase that is located outside of the trans-
poson. After plasmid introduction into the cell, the transposase (shown as open circles) is syn-
thesized, and the transposase catalyzes transposition into the chromosome DNA and destruction
of the plasmid (by formation of double-strand breaks). Because the plasmid is destroyed, no
further synthesis of transposase occurs and no further transposition can occur. Similar phage-
based suicide transposition systems have also been used.

technologies were soon adopted by investigators interested in applied uses of trans-
posons such as the identification of essential genes. The general protocol involves in
vitro transposition into target DNA followed by transformation of the DNA products
into the target cells selecting for the presence of the transposon (Fig. 6). By this means,
the transposon knockout strategy could be extended to organisms lacking a suitable
in vivo suicide vector system (or allowed such a requirement to simply be bypassed).
The critical requirement is that an efficient DNA transformation system must exist.
Examples of the use of this in vitro technology can be found in the work by Akerley
et al. (13) and Wong and Akerley (14) using the mariner transposition system, Kumar
et al. (15) and Kumar (16) utilizing both the Tn3 and Tn7 systems, and Kang et al. (17)
utilizing the TnS system.
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A system that combines both in vitro and in vivo manipulations involves the forma-
tion of transposon DNA—transposase complexes in vitro followed by electroporation
of the transposition complexes (sometimes referred to as transposome or transpososome
complexes) into the target cells (18) (Fig. 7). The in vitro—generated transposition
complexes are catalytically activated when they encounter the intracellular Mg** leading
to the random incorporation of the transposon into the cell’s genome. This technology
also bypasses any need for in vivo suicide vector strategies. The studies that have used
this technology are described in Refs. 12 and 19-22.
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Fig. 6. Use of in vitro transposition systems. In vitro transposition systems have been devel-
oped for some transposons. These in vitro systems allow the pictured transposition technology
in which in vitro transposition is performed using purified target DNA and then the resulting
transposition products are introduced into cells and incorporated into the cell’s genome through
homologous recombination.
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Fig. 7. Electroporation of preformed transposition complexes. Tn5 transposase-transposon
complexes give rise to transposition events after electroporation into a wide variety of target
cells (18).

5. Mapping/Detection Strategies

All of the one-by-one insertion mutation strategies described in this text are based
on the proposal that pools (or libraries) of insertion mutants can be followed by various
high-throughput techniques to determine how the individual mutants fare in competi-
tion with their peers found in the pool. This at first seems like a formidable challenge,
but it has been achieved using a variety of technologies as described below.

As a first approach, a number of investigators have addressed the above challenge
by first isolating individual transposon insertion mutants as colonies and then utilizing
DNA sequence analysis of polymerase chain reaction (PCR)-amplified transposon-
target junctions to define the gene location of each insert (4, 811, 15, 16) (Fig. 8). The
sequenced inserts define nonessential genes. Once the PCR-amplified junction sequences
are available, the ability of specific mutants to grow in pooled cultures under defined
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Fig. 8. Defining transposon inserts by sequence analysis of transposon—target DNA bound-
ary sequences. A uniquely oriented transposon-specific primer (Tn primer) is coupled with an
arbitrary (Arb) primer to PCR-amplify one of the transposon-target boundaries, which is sub-
sequently sequenced in order to identify target DNA immediately adjacent to the transposon
end sequence (filled triangle).

suboptimal conditions can be ascertained by nucleic acid hybridization analysis of the
transposon-target joints.

A second approach is called “footprinting” (Fig. 9). The chromosome is divided into
in silico segments whose lengths can be easily amplified by PCR. Primers are designed
for each segment’s ends. The inserts (in a much larger pool) are found within the
defined segments by using a number of PCR reactions. Each PCR reaction is defined
by a segment-specific primer and a transposon-specific primer. Typically, this experi-
ment is used to define the end result of transposition plus outgrowth, but in some cases
two PCR reactions are performed; one prior to growth (thereby defining the distribution
of inserts in the inoculum) and one after outgrowth (thereby defining the viable mutants)
(S. Gerdes, personal communication). This latter approach has the advantage of ruling
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Fig. 9. Transposon footprinting. A large collection of transposon inserts are generated and
pooled. The inserts in a general region are identified by performing a PCR reaction using two
primers: a uniquely oriented transposon (Tn)-based primer and a primer corresponding with a
given genomic site. All the transposon inserts in a given region can be identified by polyacry-
lamide gel electrophoresis (PAGE) of pooled PCR products.
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out false-negatives; that is, the incorrect identification of genes as essential that merely
do not serve as transposition targets for trivial reasons. Examples of footprinting can
be found in Refs. 13, 14, 20, and 21.

Another technique that allows the analysis of mutant pools (and the mapping of
mutant locations) involves microarray analyses (5-7, 22) (Fig. 10). The transposon used
for generating the inserts carries T7 promoters facing out from both transposon ends.
The DNA from a pool of inserts is extracted, cleaved with a restriction enzyme, and
then used to program the synthesis of labeled RNA that is interrogated by hybridization
to a microarray. In some applications (5-7) of this technology, the promoter-containing
fragments are amplified by PCR and a cDNA copy of the RNA is generated.

Winterberg et al. (22) used high-density, whole-genome, custom-made oligonucle-
otide arrays from NimbleGen Systems, Inc. (Madison, WI). They were able to track
the growth of individual inserts without resorting to promoter fragment amplification,
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Fig. 10. Identification of pooled transposon insert locations through microarray analysis of
transposon boundary transcripts. A transposon containing two outward-facing T7 promoters is
used to generate a pool of inserts. The DNA from the transposition products is isolated, cleaved
with a restriction enzyme, and used as templates for T7 RNA polymerase-catalyzed RNA
synthesis. The location of the inserts is determined by microarray hybridization of the
resulting RNA.
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Fig. 11. Mapping inserts to within 50bp with high-density microarrays. The experiment
described in Figure 10 is performed with high-density microarrays from NimbleGen Systems,
Inc., in which 24 nt oligonucleotides correspond with each strand of DNA and are spaced at
approximately 50-nt intervals throughout the entire genome. The resulting data can be analyzed
to identify the site of insertion for each of ~100 inserts to within about 50nt. This figure is
similar to a figure presented in Ref. 22.

they were not limited to studying inserts within known open reading frames (ORFs),
and they were also able to map the insert locations to within ~50bp. The method for
mapping inserts is diagrammatically presented in Figure 11.

The last technique that we shall review is the oldest: STM (3) (Fig. 12). In this
technology, each transposon in the mutagenesis collection is constructed to contain one
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Fig. 12. Tracking inserts using signature-tagged mutagenesis (STM). Inserts are generated
using transposons that carry a variety of 20-bp random sequences (bar codes). The resulting
insert mutants are individually distributed into microtiter wells. The mutants are mixed to form
a pool that is challenged to grow under some defined condition. The input and output pool DNAs
are subjected to PCR amplification of the bar codes, which are hybridized to membrane repre-
sentations of the individual microtiter arrays of the mutants leading to the discovery of which
mutants did and did not grow under the challenging conditions.
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of a multiplicity of 20-mer random sequences. Thus, upon mutagenesis, each mutant
is uniquely defined by the specific 20-mer. Ninety-six separate mutant DNAs (and thus
96 different 20-mers) are arrayed on a hybridization detection membrane. Mutants are
pooled and interrogated before (input) and after (output) challenging outgrowth (or
colonization) by labeling PCR-amplified identifying 20-mers found in the mixed culture
DNAs and hybridizing them to membranes imprinted with 96 mutant DNAs each.
Missing mutants are readily identified by a failure to detect a hybridization signal
between input and output samples. The transposon insertion contained in the missing
mutant can be characterized by PCR and sequencing of the transposon DNA
junctions.

6. Identifying Essential Functions: Serial Deletion Generation

It should be possible to define a minimal genome sequence, that is, a gene comple-
ment that encodes all essential functions, by attempting to shrink the genome size
through repetitive deletion generation. Transposons have been used in this process
through two entirely different technologies: one is random in nature and the other is
semidirected. Both technologies represent work in progress because neither is likely
near defining the minimal required genome.

The random transposon-mediated deletion approach is depicted in Figure 2 (12).
This technology utilizes well-known aspects of transposon biology. A composite trans-
poson is used in which the transposon is constructed from two transposable elements
each defined by the same two different terminal DNA sequences and each inverted
relative to each other. Thus, the composite transposon contains two “inside” terminal
DNA sequences and two “outside” terminal sequences. A second property of the tech-
nology is that it uses both intermolecular transposition and intramolecular transposition.
The intermolecular transposition, involving the “outside” terminal sequences, is accom-
plished via electroporation of preformed transposase-transposon complexes to generate
random inserts into the bacterial chromosome. Intramolecular transposition from the
“inside” terminal sequences utilizes in vivo transposition catalyzed by “inside”’-specific
transposases to generate adjacent deletions that extend out from the transposon insert
to a site on the adjacent chromosome (typically ~10,000bp away). This random
transposon-mediated deletion approach has been repeated 47 times to generate a
MG1655 derivative lacking ~14% of its original genome, obviously a long way from
achieving a minimal genome (J. Apodaca, personal communication). Already, however,
55 genes that were previously reported as essential have been deleted with limited
physiologic effects (an elongated lag time in rich medium).

The above technology can be modified to allow the deleted material at each cycle
to be maintained as a plasmid. This would allow a conditional assessment of the role
of deleted material by analyzing the cells before and after loss of the deletion-generated
plasmid (12).

A semidirected deletion approach, using transposons as tools, has also been reported
(19, 23) (Fig. 3). Tn5 transposons modified to contain one of two different antibiotic-
resistance genes and a loxP site were randomly inserted into the Escherichia coli
genome utilizing electroporation of premade transposition complexes. Strains were
generated with two different inserts and then Cre site-specific recombinase was used
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to excise the genomic material between the two sites. Survival and growth of the result-
ing mutants indicated that no essential genes were removed. Some individual deletions
were combined to achieve a reduction of more than 300 kbp. Again, this work is a long
way from achieving a minimalized chromosome but the technology is available and
in use.

6. Conclusion

Transposons are important genetic tools for performing genetic analyses. The current
chapter and many of the chapters in this text describe how transposons can be used to
define essential genes. These technologies are based on two strategies: a one-by-one
knockout strategy that identifies which genes can be interrupted and still allow growth
(and by subtraction, which genes are not found to suffer mutations and are thus likely
essential), and deletion-based approaches that remove several genes at once. The dele-
tion approach could lead to an identification of the minimal required bacterial genome
for growth under specified conditions.
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Identification and Analysis of Essential Genes in
Haemophilus influenzae

Sandy M.S. Wong and Brian J. Akerley

Summary

The human respiratory pathogen Haemophilus influenzae, a Gram-negative bacterium, is the first free-
living organism to have its complete genome sequenced, providing the opportunity to apply genomic-scale
approaches to study gene function. This chapter provides an overview of a highly efficient, in vitro mariner
transposon—based method that exploits the natural transformation feature of this organism for the
identification of essential genes. In addition, we describe strategies for conditional expression systems that
would facilitate further analysis of this class of genes. Finally, we outline a method based on the approach
used in H. influenzae for identifying essential genes that can be applied to other bacteria that are not
naturally transformable.

Key Words: conditional expression; essential genes; GAMBIT; H. influenzae; mariner transposon
in vitro mutagenesis; mutagenic PCR; SCE jumping.

1. Introduction

The availability of complete bacterial genome sequences has ushered in an era of
microbial functional genomics. This abundance of sequence information presents chal-
lenges and opportunities, such as the discovery of genes whose functions have not been
identified. Comparative computational approaches have proved useful for addressing
the roles of such genes, but experimental approaches are needed both to evaluate
sequence-based hypotheses and to extend our knowledge to previously uncharacterized
genes and biological functions. Essential genes represent an attractive category for
functional analysis because they mediate primary cellular functions and are potential
targets for antimicrobial agents. Numerous investigators have reported various global
approaches for identifying genes of essential function under defined growth conditions
in bacteria (I-18), some of which are discussed elsewhere in this book.

For the purpose of this discussion, essential genes are those that cannot be inactivated
in otherwise wild-type bacteria without abrogating growth or survival in culture on rich
medium, though essentiality is ultimately context-dependent. In this chapter, a
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methodology is described that is based on genetic footprinting (19) and was applied to
querying large numbers of genes for essential functions in Haemophilus influenzae (20,
21). Unlike stochastic genetic screens, this approach involves systematic mutagenesis
of specific genomic regions allowing comprehensive analysis of the entire genome. An
added benefit of this method is that it generates an ordered bank of mutants carrying
transposon insertions in every nonessential gene, and these can be readily recovered
for further characterization. Verification and further study of essential genes can be
accomplished by construction of strains containing temperature-sensitive (TS) or con-
ditionally expressed essential proteins. The procedures used in H. influenzae to generate
these types of strains are discussed. Although developed for the analysis of essential
genes, the conditional expression system is equally applicable to study of genes required
for genetic stability of the bacterium, such as factors involved in DNA repair or protec-
tion from oxidative damage. We also present one method by which this general approach
for identification of essential or conditionally essential genes can be extended to other
bacteria.

2. Materials

1. Naturally transformable H. influenzae strain (e.g., Rd KW20).
2. Brain heart infusion (BHI) broth and BHI agar supplemented with 10 ug/mL nicotinamide
adenine dinucleotide and 10pug/mL hemin (sBHI).
3. Media containing kanamycin (Km) at 20pug/mL and tetracycline (Tet) at 8 ug/mL for
H. influenzae; gentamicin at 5ug/mL and 150ug/mL for Escherichia coli and Pseu-
domonas aeruginosa, respectively.
Oligonucleotide primers.
D(+)-Xylose (Sigma-Aldrich, St. Louis, MO).
Restriction enzymes.
T4 DNA polymerase (New England Biolabs [NEB], Beverly, MA).
T4 DNA ligase (NEB).
9. Himarl transposase.
10. Tagq polymerase.
11. Pfu polymerase (Stratagene, La Jolla, CA).
12. T4 DNA ligase buffer (NEB).
13. NEB2 restriction buffer (NEB).
14. Acetylated BSA (NEB).
15. Transposition buffer: 10% glycerol v/v, 25 mM Hepes pH 7.9, 100 mM NaCl, 5 mM MgCl,,
2mM dithiothreitol (DTT), and 25 ug/mL acetylated BSA.
16. Deoxyribonucleotide triphosphate (dANTP).
17. QIAquick PCR Purification Kit (Qiagen, Valencia, CA).
18. Gel filtration cartridges (Edge BioSystems, Gaithersburg, MD).
19. Thermal cycler.
20. Electroporator.
21. Electrophoresis equipment.
22. E. coli strains S17-1, TOP10, SM10.
23. Luria-Bertani (LB) agar and broth.
24. P. aeruginosa strain PAO1.
25. Membrane filters (0.2-wm analytical test filter funnel; Fisher Scientific, Pittsburgh,
PA).

NN e
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3. Methods

The methods described below outline the use of GAMBIT (genomic analysis and
mapping by in vitro transposition) to define essential regions of the H. influenzae
chromosome (Section 3.1), SCE-jumping in P. aeruginosa, an approach adapted from
GAMBIT for mutagenesis of targeted regions of the chromosome in bacteria that are
not naturally transformable (Section 3.2), and two methods to functionally characterize
individual essential genes in H. influenzae (Section 3.3). These methods include the
use of a conditional expression system and mutagenic polymerase chain reaction (PCR)-
generated TS mutations in H. influenzae.

Detailed methodology for purifying mariner transposase and for conducting in vitro
mariner transposition reactions has been described previously (22); however, an updated
description of the basic steps of the mutagenesis procedure is outlined (Section 3.1).
We also include in Note 2 functional analysis of the minimal terminal inverted repeat
sequences of a Himarl (mariner)-derived minitransposon. Note, however, that the in
vitro transposition can be performed with other transposase/transposon combinations,
provided that a repair step is included to allow uptake by naturally transformable bac-
teria. The focus of this chapter is on the application of these and other methods to the
identification and study of essential genes.

3.1. GAMBIT in Haemophilus influenzae

Figure 1 outlines a general scheme for generating transposon insertion mutants in
H. influenzae by in vitro transposon mutagenesis. The procedure takes advantage of
in vitro transposition by a mariner-derived minitransposon and the natural transforma-
bility of H. influenzae, which can acquire DNA from its external environment and
efficiently incorporate it into its genome. Incorporation of foreign sequences into the
genome by homologous recombination requires a minimum of ~150bp of homologous
flanking sequence and the presence of a DNA uptake sequence (US) consisting of a
highly conserved 9-bp core sequence within a 29-bp consensus sequence for optimal
transformation efficiency (23). The in vitro transposition reaction consists of target
DNA (either a PCR product or chromosomal DNA), donor transposon DNA (such as
the mariner-family transposon Himarl), and purified Himarl transposase. Construction
of plasmid pENTUS carrying a mariner-derived transposon is described elsewhere
(21). Briefly, pENTUS carries a kanamycin (Km) resistance cassette and an H. influ-
enzae uptake sequence flanked by Himarl inverted terminal repeat sequences. (Func-
tional studies to assess the minimal Himarl repeat sequences necessary for efficient
transposition are described in Note 2 and Fig. 6.) Transposition of Himarl is very
efficient, requiring only the transposase without any cofactors derived from host cells.
This transposon shows little target site specificity, inserting at the dinucleotide TA in
the target sequence. The minimal site specificity of the mariner transposase represented
a particularly major breakthrough for genetic studies of H. influenzae, for which the
primary transposon mutagenesis tool had previously been the Tn9/6 transposon. For
example, an in silico evaluation of Tn9/6 insertion sites in the H. influenzae KW20
genome sequence yielded 167 potential target sites, and only 80 of these were in open
reading frames (24).
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Fig. 1. In vitro transposon mutagenesis in H. influenzae. Schematic diagram illustrates over-
view of in vitro mutagenesis with a kanamycin-marked (Km) mariner transposon carried on a
plasmid that does not replicate in H. influenzae containing a H. influenzae uptake sequence (US).
The mariner transposon inserts at TA dinucleotides in the target sequence, resulting in a dupli-
cation of the TA dinucleotide flanking the insertion. Mutagenized DNA is introduced into
H. influenzae by natural transformation. Transformants are selected on kanamycin-containing
medium and analyzed by PCR for genetic footprinting analyses. (Adapted with permission from
Ref. 21. Copyright © 2002 National Academy of Sciences, U.S.A.)

The overall GAMBIT procedure is listed in the following steps below. Detailed
descriptions of each step are described in Section 3.1.1 through Section 3.1.6. Figure
2 illustrates a detailed scheme of the GAMBIT procedure for identifying essential genes
in H. influenzae under a specific growth condition.

1. PCR amplify target DNA of interest (e.g., 10kb chromosomal region).

2. Perform in vitro mutagenesis with mariner transposon (marked with an antibiotic cassette,
e.g., kanamycin) and transposase.

3. Repair single-stranded gaps introduced on either side of the transposon insertion by the
transposase with T4 DNA polymerase and T4 DNA ligase.

4. The following reaction is then transformed into H. influenzae that is made naturally com-

petent (25). The incoming DNA is integrated into the genome by homologous recombina-

tion (usually ~500bp of flanking sequences is sufficient for efficient recombination).

Transformants are selected on sSBHI containing kanamycin.

6. Pooled kanamycin-resistant transformants are analyzed by PCR for genetic footprinting
(19).

3.1.1. Amplification of Target DNA

e

The in vitro transposition system allows high-density transposon mutagenesis of
discrete subgenomic regions. For the genome analysis of H. influenzae essential genes,
~10-kb chromosomal regions, overlapping by ~5kb and covering the entire genome
(1830bp), were systematically amplified by PCR. In these experiments, primers were de-
signed using the MacVector sequence analysis program to have a 62°C theoretical melting
temperature, 40% to 60% A+T composition, and absence of 3" dimer formation.
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1. To amplify target DNA for in vitro mutagenesis, combine 1/10th volume of 10X DNA
Thermopol buffer (NEB), using Taq polymerase and Pfu polymerase at a 10: 1 unit ratio
(10 units per reaction), 100pmol of primers, and ~20ng of chromosomal DNA as

template.

2. Amplify using the following cycling parameters: 30 cycles of amplification with 30s
denaturation at 95°C, 30s annealing at 62°C, and 5 min extension at 68°C with 15s added

to the extension time

at each cycle.

3. PCR products are purified using the QIAquick PCR Purification Kit.
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Fig. 2. GAMBIT in H. influenzae. Chromosomal regions of interest are mutagenized in vitro
with mariner transposon and Himarl transposase. Mutagenized DNA is transformed into H.
influenzae and integrates into the genome by homologous recombination. After selection on
medium containing kanamycin, the transposon insertion mutants are pooled and used as template
for genetic footprinting by PCR with a chromosomal primer and a mariner-specific primer.
Mutants that have sustained an insertion in an essential gene will drop out of the pool under the
specific growth condition and will not be represented with a corresponding PCR product, giving
rise to a blank region on an agarose gel. (Adapted with permission from Refs. 20 and 21.
Copyright © 1998 and 2002 National Academy of Sciences, U.S.A.)
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3.1.2. Transposition Reaction

1. For each transposition or control reaction, combine target DNA (up to 1ug) and mariner
transposon donor DNA (~100 to 500ng or to a 5: 1 target-to-donor molar ratio), and 20 uLL
of 2X Transposition buffer (20% glycerol v/v, 50mM Hepes pH 7.9, 200 mM NaCl, 10 mM
MgCl,, 4mM DTT, and 50 pg/mL acetylated BSA from NEB).

2. Adjust to a volume of 39 uLL with distilled water.

3. Add 1 puL Himarl transposase to a final concentration of ~10nM for a total of volume of
40 uL. Purification of transposase is described in detail elsewhere (22). In a control mock-
transposition processed in parallel, add 1 uL of distilled water.

4. Incubate at 37°C for 1 to 6h.

5. Purify the transposition reaction with either QIAquick spin column (Qiagen) (elute with
30uL water, pH 7 to 8.5) or phenol/chloroform extraction followed by ethanol precipitation
and resuspension in 30 uL water.

3.1.3. Repair Reaction with T4 DNA Polymerase

1. Onice, combine the following for each transposition reaction: T4 DNA polymerase (0.5 uL
of 3000U/mL from NEB), 4uL 10X NEB buffer 2 (500mM NaCl, 100mM Tris-HCL,
pH 7.9 at 25°C, 100mM MgCl,, and 10mM DTT), 4uL 2.5mM dNTPs, and 1.5 L dis-
tilled water for a total volume of 10uL.

2. Gently mix the 10 uL. T4 polymerase mixture with 30 uL of the purified transposition reac-

tion or mock reaction described in Section 3.1.2 for a total volume of 40 uL.

Incubate at room temperature for 20 min.

4. Terminate reaction by heating at 75°C for 15 min.

et

3.1.4. Repair Reaction with T4 DNA Ligase

1. To each 40uL heat-killed T4 DNA polymerase reaction, add the following mixture: 1 uL
T4 DNA ligase (40,000 U/mL from NEB), 12uL 10X T4 DNA ligase buffer (500 mM
Tris-HCL, pH 7.5 at 25°C, 100mM MgCl,, 100mM DTT, 10mM ATP, and 250 pg/mL
BSA), and 67 uL of distilled water for a total volume of 120 uL.

Incubate at 16°C from 4h to overnight.

Terminate reaction at 75°C for 15 min.

Purify ligation reaction with QIAquick spin columns (Qiagen).

Elute with 30uL to 50 uL water, pH 7 to 8.5. Alternatively, purify reaction products with
gel filtration cartridges (Edge BioSystems).

A

3.1.5. H. influenzae Transformation and Postselection

1. Use 15uL to 25uL of the repaired T4 DNA ligase reaction from above for H. influenzae
transformation. Include a mock transformation in parallel containing cells with no added
DNA and, as a transformation standard, transform cells with a known concentration of the
Km resistance gene flanked by H. influenzae sequences corresponding with a nonessential
gene.

2. Select transformants for colony formation on sBHI agar containing Km at 35°C. Mutants
that have sustained an insertion in an essential gene that is required for optimal growth
under the specific in vitro conditions become nonviable and will be absent after selection.
With a highly competent cell preparation, approximately 100 to 1000 mutants are typically
obtained for each region.
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3.1.6. Genetic Footprinting

1. The Km-resistant transformants are pooled in 10 mM Tris buffer (pH 8.0) and diluted to
an ODy of 0.1, and 1L is used immediately as template in PCR for genetic footprinting.
Alternatively, genomic DNA from the mutant pool can be purified and used as template
in PCR, although we have found that purification is not necessary. PCR conditions are
identical to those described in Section 3.1.1. Each primer specific to chromosomal sequences
(designed in Section 3.1.1), in combination with a primer specific to mariner transposon
sequences, is used to map transposon insertions within each pool of mutants. To allow
mapping independent of the orientation of transposon insertions, we designed a primer,
Marout (5CCGGGGACTTATCAGCCAACC), that binds to both inverted repeats and
primes outward from the transposon.

2. The PCR reaction is analyzed by agarose gel electrophoresis to generate a genetic footprint.
Nonviable mutants that have sustained a transposon insertion in an essential gene will not
be represented by a corresponding PCR product, producing a blank region or “window”
on the gel. It is important to note, however, that many essential genes can tolerate inser-
tions in the extreme 3” end (20, 26). Conversely, nonessential genes will contain mariner
insertions in nearly every TA dinucleotide, resulting in a “ladder” of bands corresponding
with the distance between each insertion and the position of the chromosome specific
primer (Fig. 2).

3.2. A Variation of the H. influenzae GAMBIT Procedure

The application of the GAMBIT procedure has facilitated functional genomic analy-
ses of essential genes in H. influenzae by exploiting the efficiency of the in vitro mariner
transposition system. The Himarl in vitro transposition system has been successfully
adapted for other naturally transformable bacteria that can take up exogenous naked
DNA for chromosomal integration such as Streptococcus pneumoniae (20) and Campy-
lobacter jejuni (27). As more bacterial genomes are sequenced, it would be beneficial
to establish an analogous mutagenesis system for functional gene analyses in bacteria
that are not naturally transformable. Pseudomonas aeruginosa, a major opportunistic
human pathogen, has one of the largest bacterial genomes (6.3 Mbp) sequenced to date
with as many as 50% of the total open reading frames composed of genes of unknown
function (28). An adaptation of the H. influenzae GAMBIT procedure for bacteria that
are not naturally transformable, such as P. aeruginosa, would require features that allow
efficient delivery of mutations to targeted regions of the chromosome. Because conju-
gation has proved to be a highly efficient method of introducing DNA into P. aerugi-
nosa, this feature was incorporated into a strategy to develop an allelic exchange
system, termed “SCE jumping,” that delivers transposon insertions to discrete regions
of the chromosome (29, 30). Two crucial features contributing to the success of the
SCE jumping allelic exchange method are the use of the mariner transposon for highly
efficient in vitro transposition and expression of the yeast endonuclease I-Scel in P.
aeruginosa. This enzyme recognizes an 18-bp recognition site (5’-TAGGGATAACAG
GGTAAT-3’) that is absent in bacterial genomes sequenced to date. The I-Scel sites
are designed to flank P. aeruginosa cloned DNA containing a mariner transposon—
encoded resistance determinant (e.g., gentamicin) carried on an allelic exchange
vector that is mobilized from an E. coli donor via conjugation (Fig. 3). Presence of
I-Scel in P. aeruginosa catalyzes the cleavage of the double-strand plasmid DNA at the
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suicide delivery plasmid
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In vitro transposition with mariner transposon (v) + transposase

Introduce into E. coli by electroporation

\

Mate E. coli en masse with P. aeruginosa recipient
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E. coli donor P. aeruginosa expressing
I-Scel endonuclease

Plate mating mixture onto LB agar containing the appropriate
antibiotic and select for P. aeruginosa transformants
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Pool transposon insertion mutants containing mutations in defined regions
of the P. aeruginosa chromosome and analyze by genetic footprinting

Fig. 3. SCE jumping in P. aeruginosa: an approach for high-density mutagenesis of a
targeted chromosomal region. A PCR product containing the region of interest is cloned between
I-Scel sites contained on a plasmid that does not replicate in P. aeruginosa (e.g., plasmids con-
taining ColE1l origin of replication) and mutagenized in vitro. The mutant plasmid pool is
introduced into E. coli, and recombinants are selected for drug resistance encoded by the trans-
poson. The mutagenized plasmid library is conjugally transferred (i.e., by mating) from an
E. coli donor into a P. aeruginosa recipient strain that expresses the I-Scel enzyme, which pre-
vents stable cointegrate formation. Transposon insertion mutants can be pooled and analyzed
by genetic footprinting. Growth of P. aeruginosa mutants that have sustained an insertion in an
essential gene will be selected against under the specific culture conditions. (Adapted from
Ref. 30. Copyright © 2004, with permission from Begell House Inc.)
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I-Scel sites. Release of the cloned insert provides a linear substrate for integration by
homologous recombination into the P. aeruginosa chromosome. We observed that expres-
sion of I-Scel in P. aeruginosa was extremely effective in promoting gene replacement
events and strongly selected against cointegrate formation during allelic exchange.

The power of SCE jumping lies in its ability to generate exconjugants that exclu-
sively contain replacements of the endogenous locus with the transposon mutagenized
DNA, rather than integration of the delivery plasmid by a single crossover to generate
a cointegrate strain, which would retain the wild-type locus. This feature is critical
for analysis of essential genes by genetic footprinting. To develop SCE jumping in
P. aeruginosa, the pyrF locus, which encodes an orotidine-5"-phosphate decarboxylase
required for biosynthesis of uracil (31), was chosen as a test gene for targeted knockout.
The pyrF knockout delivery construct containing a replacement of the pyrF gene with
a gentamicin resistance cassette inserted between pyrF flanking regions, all cloned
between I-Scel sites, is introduced into P. aeruginosa by conjugation. Because pyrF
mutants require uracil for growth, the desired allelic replacement mutants will grow
only on minimal medium containing uracil, whereas cointegrants containing both the
mutant DNA and wild-type locus will grow on minimal medium with or without uracil.
Therefore, the efficiency of the I-Scel nuclease in promoting gene replacement events
with this delivery construct can be assessed by determining the frequency of double-
crossover formation versus cointegrate formation via selection on minimal medium in
the presence or absence of uracil.

Our results showed that after selection for gentamicin-resistant exconjugants in the
presence of uracil, targeted knockout of pyrF in a P. aeruginosa strain expressing [-Scel
resulted in gene replacement at 100% frequency among representative isolates analyzed
(28/28). Gentamicin selection in parallel of the same conjugation mixture in the absence
of uracil yielded at least a 10,000-fold decrease in the frequency of colony formation
(29). This result supports the findings in E. coli in which 100- to 1000-fold enhance-
ment of homologous recombination was observed in the resolution of a cointegrate
structure mediated by I-Scel-induced double-strand breaks in the E. coli chromosome
(32). SCE jumping is illustrated in Figure 3, and the general steps of this method are
as follows:

1. PCR amplify chromosomal region of interest (Section 3.1.1).

2. Clone PCR product between I-Scel sites in a delivery vector that does not replicate in P.
aeruginosa. For example, replication of plasmids containing a ColE1 origin of replication
derived from the ColEl plasmid of E. coli (33, 34) is not supported in many nonenteric,
Gram-negative bacteria, including P. aeruginosa.

3. Perform in vitro transposition reaction with mariner transposon and Himarl transposase
followed by DNA purification as described in Section 3.1.1 and Section 3.1.2. Single-
stranded gaps on either side of the transposon insertion do not need to be repaired with T4
DNA polymerase in vitro prior to introduction into E. coli in step 4 below because the
gaps are repaired in vivo by this bacterium after electroporation.

4. Electroporate in vitro mutagenized plasmid pool into an E. coli donor strain (e.g.,
S17-1).

5. Plate mixture onto LB agar containing the appropriate antibiotic marker. This protocol
typically generates libraries representing 10° to 10* different transposon insertion events
in the plasmid.
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6. Grow to log phase ~10® E. coli donors carrying a library of the in vitro mutagenized
plasmid (representing ~1000-fold excess of the 10° to 10* different transposon insertion
events) and ~10°® P. aeruginosa recipients expressing the I-Scel endonuclease.

. Mix 1 to 5SmL each of log phase donor and recipient cells.

Collect conjugation mixture by vacuum filtration onto membrane filters (0.2-yum analytical

test filter funnel).

9. Wash cells by aspiration of 10 to 15mL of 10mM MgSO, across the filter.

10. Remove filter and place on LB agar plates, with the side coated with cells facing up.

11. Incubate plates with filters containing cells at 37°C to allow mating to occur (5h to
overnight).

12. After mating, transfer filter to a sterile tube containing LB broth (~1 mL) and vortex to
remove mating mixture.

13. Plate out several dilutions of the mating mixture on LB agar containing the appropriate
antibiotics.

14. Pool transposon insertion mutants in LB and dilute cells in distilled water to ODg of ~0.1.
Use 1 UL of the dilution as template for PCR amplification for genetic footprinting. Alter-
natively, isolate genomic DNA from transposon mutant pool for genetic footprinting
analyses.

0 2

3.3. Functional Analysis of Essential Genes in H. influenzae

Understanding the function of essential genes is inherently challenging because, by
definition, they are required for optimal growth and viability; therefore, simple knock-
out experiments are not feasible. However, conditional expression or conditionally
active alleles can be used to examine cells during depletion of the essential gene
product. Toward this end, we developed two approaches that facilitate functional
analyses of essential genes: (1) an inducible expression system utilizing the D-xylose
catabolic operon of H. influenzae and (2) a marker-linker PCR-mediated mutagenesis
method for generation of temperature-sensitive mutations (35).

3.3.1. Expression of Essential Genes Using the D-Xylose—Inducible Promoter

A caveat to knocking out many essential genes is that bypass suppressor mutations
may occur to allow for growth of a given mutant. The key advantage of the strategy
outlined here is that the essential gene of interest is disrupted or deleted in the presence
of a conditionally expressed complementing copy of the gene. This conditional expres-
sion system utilizes a D-xylose—regulated promoter of the H. influenzae D-xylose cata-
bolic operon. Introduction of an essential gene into delivery vector, pXT10, allows
sufficient regulated expression of an essential gene under the control of the D-xylose—
inducible xy/A promoter (35). The essential gene at its endogenous location can then
be disrupted or deleted by standard methods in the presence of D-xylose. Functionality
of the essential gene can then be evaluated when the complementing copy of the gene
is made conditionally inactive by removal of the inducer. In contrast, presence of xylose
induces expression of the essential gene from the xy/A promoter and allows growth and
recovery of the mutant lacking the native copy of the gene. In the expected case, inabil-
ity of the resulting strain to grow in the absence of xylose verifies the role of the gene
in growth or survival. It is possible that pinpoint colonies may be obtained in the
absence of inducer. This may be due to low basal induction from the xylA promoter as
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a response to the starvation condition that occurs during the transformation process
(35). Alternatively, transformants containing bypass suppressor mutations could arise
in the absence of inducer. Evaluating the frequencies of transformants obtained between
the plus/minus xylose plates is useful for interpreting whether this might be occurring.
The overall scheme is illustrated in Figure 4 with the following steps:

1. PCR amplify open reading frame (include initiation and termination codon) of essential

gene of interest from genomic DNA template with primers containing SaplI sites.

Purify PCR product using a QIAquick spin column (Qiagen).

Digest purified PCR product with Sapl.

Clone PCR product into the Sapl sites of pXT10.

Transform resultant construct into H. influenzae by natural transformation (25) and select

for transformants on sBHI agar containing tetracycline overnight at 35°C.

6. Disrupt or delete native copy of the essential gene of interest. This can be achieved by
transforming H. influenzae with a deletion construct or a PCR product containing an anti-
biotic marker flanked by homologous sequences corresponding with the locus targeted for
deletion.

7. Select for transformants in the presence and absence of 1 mM D(+)-xylose inducer and the
appropriate antibiotic in SBHI agar overnight at 35°C.

A

3.3.2. Isolation of Conditionally Lethal Mutations by
Marker-Linked Mutagenesis

This approach utilizes a genomic-scale mutant bank such as the H. influenzae mutant
library generated by in vitro transposon mutagenesis in Section 3.1. The overall scheme
is illustrated in Figure 5, and the steps are outlined below. The general concept of this
approach takes advantage of the antibiotic resistance marker provided by mariner
transposon insertions proximal to an essential gene of interest. Amplification of the
region containing the transposon insertion and the essential gene under mutagenic PCR
conditions generates random mutations within the PCR product. By varying PCR condi-
tions, the level of mutagenesis can be varied. These mutations can then be introduced
into H. influenzae using the linked antibiotic resistance marker for selection and the
resulting mutants screened to identify those containing conditional lethal mutations in
the essential gene. Mutation frequencies within the antibiotic resistance gene itself can
be used to gauge the frequency of mutagenesis within the region of interest.

1. Plate dilutions of mutant pool generated in Section 3.1 corresponding with the chromo-
somal region containing the gene to be mutagenized to obtain single colonies.

2. Set up reactions in 96-well format for PCR using primers and reaction conditions as
described in Section 3.1.6 with the exception that single colonies are used as template.

3. Using sterile pipette tips, replica-patch 95 single colonies to gridded positions on culture
plates, and after patching, touch each tip to the PCR mixture in a different well of the 96-
well PCR reaction tube (well number 96 will serve as a “no template control”).

4. Conduct PCR as described for the genetic footprinting method described in Section 3.1.6.

Analyze PCR reactions by agarose gel electrophoresis.

6. Use genomic map information in conjunction with the PCR product lengths to choose a
particular mutant from the analyzed pool that contains a transposon insertion near the
essential gene of interest (Fig. 5).

i
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Sapl Sapl
ATGGGAAGAGCGGCGCGCCGCTCTTCGTAA
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Delete essential gene of interest in
marker (e.g. kanamycin resistance cassette)
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Fig. 4. Conditional expression system in H. influenzae. The open reading frame of an essen-
tial gene of interest is cloned into the Sapl sites (SS) of the suicide delivery vector pXT10
immediately downstream of the xy/A promoter (PxylA). tetR tetA, tetracycline resistance locus;
cat, chloramphenicol resistance gene. The resultant plasmid is transformed into H. influenzae
for integration into the xy/ locus. The native copy of the essential gene is targeted for deletion
and replaced with an antibiotic marker, for example, kanamycin resistance cassette (Km). The
transformation mixture is diluted on sBHI agar containing kanamycin with and without xylose
and the frequencies of the number of transformants evaluated between the plus/minus xylose
plates. (Adapted from Ref. 35. Copyright © 2003, with permission from Elsevier.)
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7. Using this specific transposon insertion mutant as source of template, conduct mutagenic
PCR with chromosomal primers that flank the transposon insertion and essential gene of
interest. Random mutations within products are generated during PCR in the presence of
MnCl, at a final concentration of 0.0125mM to 0.125 mM.

8. Transform the mutagenized PCR products into H. influenzae and select on sBHI in the
presence of Km at 30°C.

Use mutant pool generated in Subheading 3.1
(Fig. 2) as a source of mutants containing mariner
transposon insertions near an essential gene of interest

Mutant pool Mutagenic PCR product pool
| |

trans/poson nucleotide substitution
\

% essential gene of interest i *
/
*
primer 1 E —>
4 Mutagenic PCR
primer2 | on chosen mutant *
amplified with

L chromosomal
a<———> o — primers flanking
insertion and *
Lo essential gene

—<———> DO—  of interest
* i

Choose a mutant (boxed) containing
a mariner transposon insertion near
an essential gene of interest

Transform mutagenized PCR products into H. influenzae
Select on sBHI+Km at 30°C

oo
o
\eeo /)

Replica patch on sBHI

PN

-K +Km
30°C 37°C 30°C 37°C
O
CO
TS mutation in TS mutation in kanamycin
essential gene resistance cassette

Verify that the TS mutation is located within the essential gene of interest and that
the mutation is responsible for the TS phenotype by restoring the wild-type gene

Fig. 5. Mutagenic PCR in H. influenzae. Use mutant pool generated in Section 3.1 as a
source of mutants containing mariner transposon insertions near an essential gene of interest.
Select a particular mutant that contains a transposon insertion proximal to the essential gene
and perform mutagenic PCR followed by transformation into H. influenzae. Temperature-
sensitive (TS) mutants are selected at 30°C. The kanamycin-resistance gene cassette is used
to assess frequency of TS mutations generated by mutagenic PCR. (Adapted from Ref. 35.
Copyright © 2003, with permission from Elsevier.)
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Replica-patch Km-resistant transformants onto sBHI plates in the presence and absence of
Km at 30°C versus 37°C. Transformants growing at 30°C but not at 37°C in the absence
of Km correspond with mutants containing temperature-sensitive mutations in the essential
gene of interest.

Transformants growing at 30°C but not at 37°C in the presence of Km correspond with
mutants containing TS mutations in the Km gene cassette. Compare the number of trans-
formants that grow in the presence of Km at 30°C versus 37°C to evaluate the frequency
of the TS mutations generated by mutagenic PCR in the Km gene. This frequency can be
used to standardize the level of mutagenesis between experiments.

For verification that the TS mutation is located within the essential gene of interest and
that the mutation is responsible for the TS phenotype, prepare a naturally competent culture
of the TS mutant at 30°C for transformation with the wild-type gene cloned in the pXT10
delivery vector, linear DNA fragments corresponding with the essential gene, or a replicat-
ing plasmid, for example, pGJB103 (25) containing a cloned copy of the essential gene.
Incubate the competent cells with the complementing construct, wild-type DNA fragment,
or without added DNA at 30°C for 1h.

Shift cultures to 37°C with shaking and monitor 6 to 12h for restoration of growth in
comparison with the control culture that did not receive the wild-type gene (35).

Notes

1.

Design principles for complementation of essential genes.

Once an inducible expression system is generated for an essential gene (Section 3.3.1),

then it is possible to modify this system for constitutive complementation that does not
require an inducer. Constitutive complementation with the essential gene’s endogenous pro-
moter, for example, may be desirable for cases in which the b-xylose—inducible copy of the
essential gene does not fully restore the parental phenotype. The inducible copy can be
replaced with a constitutively expressed copy of the essential gene under the transcriptional
control of its own promoter. Briefly, a PCR fragment of the essential gene of interest contain-
ing its native promoter is cloned into the Sapl sites of a pXT10 derivative containing an
antibiotic marker other than Tet® followed by transformation into H. influenzae to replace
the conditionally expressed copy. Note that transformation is performed in the presence of
the conditional active essential protein such that the constitutively complementing copy is
transformed into a recipient strain verified to display the mutant phenotype in the absence
of conditional complementation. In this way, the mutant phenotype can be observed in the
absence of D-xylose in the strain containing the D-xylose—inducible essential gene, and com-
plementation with the essential gene driven by its native promoter should restore the parental
phenotype, ruling out second site mutations or transcriptional polarity of the knockout muta-
tion as causes of the phenotype.
Functional analysis of minimal Himarl mariner inverted repeat sequences. Mariner-based
transposons have proved highly efficient at both in vitro and in vivo transposon mutagenesis
of bacteria as first shown in the two naturally competent bacteria, H. influenzae and Strepto-
coccus pneumoniae (20), and then in two bacteria that are not naturally transformable,
Mycobacterium smegmatis and E. coli (36), respectively. Subsequently, mariner-based trans-
posons have been engineered to function as effective genetic tools in a growing list of bacte-
rial systems including Campylobacter jejuni (27), Vibrio cholerae (16), and P. aeruginosa
(29).

Use of the mariner transposon would be ideal for creating reporter gene fusions in chro-
mosomal regions of interest. To facilitate the creation of useful mariner transposon deriva-



Identification and Analysis of Essential Genes in H. influenzae 41

tives, we sought to determine the minimum Himarl inverted terminal repeat sequences
required for efficient transposition (Fig. 6). We engineered a mariner transposon derivative
that includes a cloned copy of the Himarl transposase with the Himarl repeats flanking
aacCl, a gentamicin resistance cassette. The parent construct (pBC KS+ derivative) contains
the Himarl 31-bp imperfect inverted repeat (a single G/A transition at position 28 of the
terminal inverted repeat), with the first 27 bp perfectly inverted (Fig. 6). Plasmid derivatives
containing deletions and/or sequence substitutions within the terminal inverted repeat were
engineered and then tested in a “mating out” assay in E. coli to assess transposition efficien-
cies. In the mating-out assay, the mariner arm deletion plasmids carrying the Himarl trans-
posase gene are each introduced into the E. coli SM10 donor (or mobilizing) strain that
contains the transfer genes of the broad host range IncP type plasmid, RP4, integrated in its
chromosome (37). This donor strain also carries a “target” plasmid carrying an ampicillin
resistance cassette and an origin of transfer, allowing it to be mobilized from SM10 to a
recipient strain. The efficiency of in vivo mariner transposition is quantified via conjugal
transfer of the target plasmid from SM10 into TOP10 E. coli (Invitrogen, Carlsbad, CA) and
selection for the transposon-encoded resistance determinant. Figure 6 shows the efficiency
of transposition relative to the Himarl arm repeat length. The results indicate that the first
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31 bp Himar1 5'1TR 31bp Himar1 31TR  ~~=__ constructs transposition
ACAGGTTGGCTGATAAGTCCCCGGTCTGACACATAGATGGC . .. .TGTTTTTCTTT GTTAGACCGGGGACTTATCAGCCAACCTGT parent 100%
ACAGGTTGGCTGATAAGTCCCCGGTCTGAACGCGTCGGCCG. .. .GAATTGACGCGTTCAGACCGGGGACTTATCAGCCAACCTGT pMar29/27GmR 3.5%
ACAGGTTGGCTGATAAGTCCCCGGTCTGAACGCGTCAATTC. AA . CGGCCGACGCGTTCAGACCGGGGACTTATCAGCCAACCTGT pMar29/27GmF 8.85%
ACAGGTTGGCTGATAAGTCCCCGGTCTACGCGTCAATTCTC . .. .CCCGGCCGACGCGTAGACCGGGGACTTATCAGCCAACCTGT pMar27/28 136%
ACAGGTTGGCTGATAAGTCCCCGGTACGCGTCAATTCTCGA. .4 . TTCCCGGCCGACGCGTACCGGGGACTTATCAGCCAACCTGT pMar25 31.9%
ACAGGTTGGCTGATAAGTCCCCGACGCGTCAATTCTCGAAT . 4. .GCTTCCCGGCCGACGCGTCGGGGACTTATCAGCCAACCTGT pMar23 0.23%

Fig. 6. Functional analysis of minimal Himarl mariner repeat sequences. A mariner trans-
poson delivery plasmid contains a copy of the Himarl transposase for in vivo transposition, a
chloramphenicol (caf) resistance gene, and a gentamicin resistance cassette (aacC1I) cloned
between Mlul restriction sites flanked by sequences containing the 31-bp imperfect Himarl
inverted terminal repeats (ITR) (underlined). Himarl ITR nucleotide sequences that remained
unchanged in the mariner arm deletion constructs are underlined. pMar29/27 GmR and GmF
contain a T to C nucleotide (in boldface) change at position 28 in the Himarl 3’TTR. Transcrip-
tion of aacCI in pMar29/27 GmR and pMar29/27 GmF is in the opposite orientation (repre-
sented by the arrow). Transposition efficiency corresponding with each deletion construct is
compared with that of the parent construct. Percentage of efficiency is derived from the number
of transconjugants in a “mating out” assay (described in text) normalized to the number of donor
cells divided by the number of recipient cells. Number of transconjugants (CFU/mL) from two
independent mating-out assays was recorded for parent (1.5 x 10* and 0.83 x 10%), pMar27/28
(2.1 x 10* and 1 x 10%), and pMar23 (2.3 x 10" and 3.1 x 10") constructs. The number of
transconjugants (CFU/mL) from a single mating assay was performed with pMar29/27 GmR
(4 x 10%), pMar29/27 GmF (1 x 10%), and pMar25 (3.7 x 10%). In cases where two independent
mating-out assays were performed for a deletion construct, the average of the normalized
numbers of transconjugants was used to calculate the transposition efficiency.
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27bp and 28bp of the Himarl 5’ ITR and 3’ITR, respectively, are sufficient for efficient
transposition. However, transposition with the first 25bp of the repeat decreases to ~32% of
the wild-type level, with transposition virtually abolished with only the first 23bp of the
repeat present. Of note, transposon constructs, pMar29/27 GmR and pMar29/27 GmF, which
contain the first 29 bp of the Himarl repeat but with a single nucleotide change from T to C
at position 28 at the 3" ITR, show drastically reduced transposition efficiency. This nucleotide
change may have affected the binding efficiency of the Himarl transposase (38, 39).
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Transposon Site Hybridization in Mycobacterium tuberculosis

Jeffrey P. Murry, Christopher M. Sassetti, James M. Lane, Zhifang Xie, and
Eric J. Rubin

Summary

Microarray mapping of transposon insertions can be used to quantify the relative abundance of different
transposon mutants within a complex pool after exposure to selective pressure. The transposon site
hybridization (TraSH) method applies this strategy to the study of Mycobacterium tuberculosis and can
be adapted to the study of other microorganisms. This chapter describes the methods used to mutagenize
mycobacteria with transposons, extract genomic DNA, amplify genomic DNA adjacent to transposon ends
using polymerase chain reaction and T7 transcription, and synthesize labeled cDNA. It also describes
methods used to construct an appropriate microarray, hybridize labeled cDNA, and analyze the microarray
data. Important considerations involved in the experimental design of the selective pressure, the design of
the microarray, and the statistical analysis of collected data are discussed.

Key Words: method design; microarray; Mycobacterium tuberculosis; transposon; TraSH.

1. Introduction

The use of random mutagenesis in combination with microarray technology has
enabled the development of methods that allow comprehensive identification of genetic
elements required for bacterial replication under various selective conditions (1, 2).
Transposon site hybridization (TraSH) was developed using these technologies to quan-
tify relative abundance of transposon mutants in the context of a complex pool. In this
method, genomic DNA from the transposon pool is digested and ligated to an adaptor.
Genomic regions adjacent to the transposon insertions are specifically amplified using
polymerase chain reaction (PCR) and an outward-facing T7 promoter on the transposon.
Labeling efficiency is increased by synthesizing cDNA from the transcription products,
and the resulting products are quantified by hybridization to microarrays. As TraSH was
specifically developed to study Mycobacterium tuberculosis, this organism is used to
illustrate the method. Similar methods have been developed for other organisms (1, 3,
4). These methods have been successfully used to identify genetic elements important
for growth in vitro and in mouse and macrophage models of infection (1, 3-8).
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2. Materials

1. ¢MycoMarT7 transposon donor phasmid.

2. Mycobacterium smegmatis strain mc*155 and Mycobacterium tuberculosis H37Rv or
Mycobacterium bovis BCG.

3. Middlebrook 7H9 broth (BD Difco, Franklin Lakes, NJ): unless otherwise noted, 1L 7H9
contains 2mL glycerol, 0.05% (v/v) Tween-80, and 100mL Middlebrook OADC in
water.

4. Middlebrook OADC (BD BBL) contains the following components: 8.5g NaCl, 50¢g
bovine albumin (fraction V), 20g dextrose, 0.03 g catalase, 0.6 mL oleic acid per liter of
water).

5. Middlebrook 7H10 agar (BD Difco): 1 L 7H10 contains 5mL glycerol and 100 mL OADC
in water.

6. 0.2-um syringe filter and syringe.

7. MP buffer: 50mM Tris-HCI, pH 7.5 at room temperature, 150mM NaCl, 10mM MgSO,,
2mM CaCl,.

8. Top agar: 0.6% agar (w/v) in 2mM CaCl, (add CaCl, after autoclaving).

9. Kanamycin.

10. 4-mm glass beads (Stern, Walter, Inc., Port Washington, NY).

11. TE buffer: 10mM Tris-HCI, pH 8.0 and 1 mM EDTA,; sterilize by autoclaving.

12. Chloroform and methanol (Note 1).

13. Lysozyme: 10mg/mL stock (Sigma-Aldrich, St. Louis, MO).

14. Proteinase K: 10mg/mL stock (New England Biolabs, Beverly, MA).

15. Sodium dodecyl sulfate (SDS).

16. Phenol (with isoamyl alcohol; Note 1).

17. Isopropanol and sodium acetate.

18. 70% ethanol.

19. Agarose and gel electrophoresis equipment.

20. QIAquick gel extraction, QIAquick PCR purification, and RNeasy mini kits (Qiagen,
Valencia, CA).

21. Taq DNA polymerase, restriction enzymes, T4 DNA ligase (New England Biolabs).

22. Oligonucleotide primers (Integrated DNA Technologies, Coralville, IA).

23. Dimethyl sulfoxide (DMSO).

24. MgCl,.

25. Deoxynucleotide solution mix (dATP, dCTP, dTTP, and dGTP).

26. AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA) and Pfu DNA
polymerase (Stratagene, La Jolla, CA).

27. SYBR Green I nucleic acid gel stain (light sensitive; Molecular Probes, Eugene, OR).

28. Real-time thermal cycling system.

29. Vacufuge.

30. MEGAShortScript high-yield transcription kit (Ambion, Austin, TX).

31. RNaseOUT recombinant ribonuclease inhibitor (Invitrogen, Carlsbad, CA).

32. 10x aa-dNTP mix (store at —80°C): 5mM dATP, 5SmM dCTP, 5mM dGTP, 2mM dTTP,
3mM aminoallyl dUTP (Sigma-Aldrich).

33. Superscript III reverse transcriptase (Invitrogen) and 10x first strand buffer: 250 mM Tris-
HCI (pH 8.3 at room temperature), 375 mM KCI, 15mM MgCl,.

34. Ethylenediaminetetraacetic acid (EDTA), NaOH, and HCI.

35. cDNA wash buffer: NaCl 0.58 g, H,O 20mL, and ethanol 80 mL.

36. Cy3 and Cy5 monoreactive dyes (light sensitive; GE Healthcare, Giles, UK).
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37. Multiscreen PCR purification plates (Millipore, Billerica, MA).

38. CodeLink activated slides (GE Healthcare, Giles, UK).

39. Tecan HS400 hybridization station (Tecan, Grodig, Austria).

40. SSC: 0.15M sodium chloride/0.015M sodium citrate, pH 7.

41. Prehybridization buffer: 5x SSC, 0.1% SDS, 0.1% bovine serum albumin, 100 pg/mL yeast
tRNA (Invitrogen).

42. Hybridization buffer: 5x SSC, 0.1% SDS, 50% formamide, 200 ug/mL yeast tRNA.

3. Methods

The following methods are described below: (1) transposon library construction, (2)
transposon mutant selection, (3) preparation of chromosomal DNA from mutant pool,
(4) preparation of labeled cDNA, (5) microarray construction, and (6) microarray
hybridization.

3.1. Transposon Library Construction

The construction of transposon mutant libraries is described in Section 3.1.1 to
Section 3.1.4. This includes descriptions of the transposon vector, the transduction
process used to introduce the phage into mycobacteria, and the cultivation and mainte-
nance of the library.

3.1.1. ¢MycoMarT7 Transposon Donor Phasmid

The ¢MycoMarT7 phasmid (2) contains the highly active C9 Himarl transposase
gene and the MycoMarT7 transposon on the temperature-sensitive phasmid ¢AE87 (9).
The GAE87 phasmid, which was developed in Bill Jacobs’ laboratory, efficiently pro-
duces phage in M. smegmatis at 30°C but does not replicate at 37°C (9). The C9 Himarl
transposase is a hyperactive mutant of an enzyme that was originally cloned from the
horn fly Haematobia irritans and is expressed in the 0MycoMarT7 phasmid from a
mycobacterial promoter (10, 11). The MycoMarT7 transposon encodes a kanamycin
resistance gene, the R6K replication origin, two outward-facing T7 promoters, and two
flanking 29-bp inverted repeats that are recognized by the Himarl transposase. The
sequence of the MycoMarT7 transposon has been deposited in GeneBank (accession
no. AF411123). The kanamycin resistance gene allows selection in both mycobacteria
and Escherichia coli. The R6K replication origin is functional in pir+ E. coli strains,
allowing recovery of the transposon after insertion into target strains. The T7 promoters
are oriented so that they drive transcription into adjacent chromosomal DNA. These
features make this phasmid suitable for TraSH.

3.1.2. Mycobacterial Phage Stock Preparation

The phage stock used to make the transposon library should be generated from
a single temperature-sensitive clone. The following steps can be used to generate a
suitable phage stock.

1. After acquiring ¢MycoMarT7, make 10-fold dilutions of the given aliquot in 50 uL. MP
buffer. Add each dilution to 100 uL of M. smegmatis that has been washed twice with 7H9
containing glycerol and ADC (similar to OADC but without oleic acid) but no Tween-80
(Note 2). Add the mixture of phage with bacteria to 3.5mL of top agar (cooled to 42°C)
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and pour on a 15-cm LB plate. Incubate at 30°C for about 48h. A few large plaques may
appear earlier, but allow 48h for the appearance of smaller plaques.

Patch several plaques onto two plates containing M. smegmatis in top agar as in step 1.
Incubate one at 30°C and one at 37°C for 1.5 to 2 days. Most if not all isolates should
form plaques only at 30°C.

Excise agar containing a clone that forms a plaque only at 30°C and crush it in MP buffer.
Pellet the agar by centrifugation and titer the supernatant as in step 1 to determine a dilu-
tion that results in nearly confluent plaques.

Wash 500uL of stationary-phase M. smegmatis twice with 7H9 containing glycerol and
ADC (without Tween). Add enough phage to the cells to create nearly confluent plaques.
Add 100 uL of this mixture to 3.5mL top agar (cooled to 42°C) and pour on a 10-cm 7H10
plate (Note 3). Prepare five plates in this manner.

Incubate five plates at 30°C until “lacy” (about 2 days), and flood each plate with 3mL
MP buffer. Gently rock plates at 4°C for several hours or overnight, then collect the plate
stock and pass over a 0.2-um syringe filter.

3.1.3. Titering Phage Stock

1.

2.

Prepare lawn of M. smegmatis by adding 250 UL of stationary-phase culture to 3.5 mL top
agar and pouring on an LB plate. Allow this plate to dry for a few hours.

Prepare 10-fold dilutions of phage stock in 100 uLL MP buffer. Spot 10 uLL of each dilution
onto the plate and allow the spots to dry. Incubate at 30°C for 2 days and count plaques.
The stock titer should be at least 5 x 10" plaque forming units/mL.

3.1.4. Transduction of M. tuberculosis or M. bovis BCC

1.

2.

Grow M. tuberculosis (Note 4) or M. bovis BCG in a roller bottle with 100 mL 7H9 con-
taining glycerol, OADC, and 0.05% Tween-80 until ODg, reaches between 0.8 and 1.0.
Spin down 50mL of culture and wash with 7H9+glycerol and OADC (No Tween, MP
buffer can also be used). Resuspend in 5mL of wash medium and remove an aliquot to
serve as a control.

Add ~10" phage (or MP buffer to the control) and incubate for 3 to 4h at 37°C. Freeze
the transductants at —80°C in multiple aliquots.

Thaw an aliquot of transduced bacilli and plate serial dilutions on 7H10 plates containing
20 ug/mL kanamycin to titer the library.

Plate at least 100,000 transductants on several 15-cm 7H10 plates containing 20 ug/mL
kanamycin at a density of 20,000 CFU/plate.

3.2. Transposon Mutant Selection

Described below are important principles to be considered when designing selection
of transposon mutants and the steps used to recover bacteria after selective pressure.

3.2.1. Design of Selective Pressure

The most important part of a TraSH experiment is the initial selection. Of course,
selective pressure was applied to the library when it was originally plated on media as
in step S of Section 3.1.4. Mutations that produce lethal insertions will not survive this
initial outgrowth. The first application of the TraSH method compared a transposon
library that was plated on 7H10 media immediately after transduction with that plated
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on 7H11 media, which contains additional amino acids and supplements (2). A more
difficult comparison was used to identify genes essential for normal in vitro replication
(7). In this experiment, labeled genomic DNA was compared with labeled cDNA made
from bacilli grown on 7H10. As this experiment did not directly compare a mutagenized
library selected under one condition to that in another, it did not have internal controls
for transposon insertional bias and required more stringent statistical analysis as dis-
cussed below. More recent applications of the TraSH method have compared muta-
genized libraries grown under different selective pressures directly with each other,
using growth on 7H10 as a control condition (5, 6).

When designing selective conditions, it is important to consider the magnitude of
the expected enrichment. TraSH has been consistently used to detect transposon mutants
that are tenfold less abundant in one condition relative to another (6). Smaller dif-
ferences may be more difficult to assess with confidence using this method, although
more subtle phenotypes can be magnified using serial rounds of selection (5, 7). In our
experience, experimental conditions are more likely to produce detectable enrichment
when they allow multiple rounds of replication or significant bacterial death while under
selective pressure.

3.2.2. Plating Transposon Libraries

The completion of TraSH methodology requires a fairly large amount of genomic
DNA. For this reason, it is helpful to amplify the library by plating it and allowing the
formation of individual colonies. During this step, it is important to minimize competi-
tion between clones by preventing colonies from overlapping with each other as much
as possible. We usually spread at least 10 plates with 20,000 colony-forming units
(CFU) of each M. tuberculosis transposon library:

1. Add 0.5mL of library at 40,000 CFU/mL to the surface of a 15-cm plate containing 7H10
media and about 2 dozen sterile 4-mm glass beads (Note 5).

2. Shake the plates to evenly spread the bacteria and allow them to dry before removing the
glass beads. Incubate the plates at 37°C for 18 to 21 days to allow colony formation.

3.3. Preparation of Chromosomal DNA from Mutant Pool

The following method for the purification of chromosomal DNA is adapted from
Belisle and Sonnenberg (12). We use biosafety level 3 containment for step 1 to step
8, although it is likely that the bacilli are inactivated by step 2.

1. Harvest colonies from ten 15-cm plates by scraping into 7H9 medium. Centrifuge the
suspension at 3300 X g for 10 min at room temperature. Discard the supernatant and resus-
pend the pellet in 5SmL10mM Tris-HCI, 1 mM EDTA at pH 9.

2. Mix the resuspended cells with an equal volume of chloroform: methanol (2: 1) and rock
for 5min.

3. Centrifuge the suspension at 3300 X g for 10min at room temperature. Remove both the
aqueous and the organic phases into a 50-mL conical tube.

4. Dry the solid bacterial mass by leaving the tube open in the biosafety cabinet for about
2h.

5. Add 10mL TE containing 0.1 M Tris-HCI at pH 9 to the pellet and vortex to resuspend.

6. Add 0.01 volume of 10 mg/mL lysozyme and incubate overnight at 37°C.
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Add 1mL 10% SDS. Add proteinase K to a final concentration of 100ug/mL and vortex
the samples. Incubate at 50°C for 3 h.

Transfer the viscous solution into a clean tube containing an equal volume of phenol:
chloroform (1:1). Mix well and let stand for 30 min.

Rock the tube for 30 min at room temperature. Centrifuge at 12,000 X g for 15 min. Remove
the upper aqueous phase to a new tube with an equal volume of chloroform and repeat the
centrifugation.

Remove the upper aqueous phase to a new tube with an equal volume of isopropanol and
1/10 volume of 3M sodium acetate (pH 5.2). Spool out the DNA, wash with 70% ethanol,
and dissolve in 0.5 to 1 mL TE.

3.4. Preparation of Labeled cDNA

The preparation of labeled cDNA is described in Section 3.4.1 to Section 3.4.4. This
includes the partial digestion of chromosomal DNA and adapter ligation, amplification
of the regions adjacent to the transposon-insertion sites by PCR, in vitro transcription
of the PCR products, and synthesis and labeling of cDNA.

3.4.1. Partial Digestion and Adapter Ligation

1.

For each sample, mix ~2g genomic DNA, enzyme buffer, and water in a total volume
of 130uL. Aliquot the mix into 2 series of six tubes each, putting 15 UL in the first tube
and 10uL in each of the five remaining tubes (Note 6).

Into each tube with 15uL, add either 5U HinP1I or Mspl (Note 7). Make threefold serial
dilutions by taking 5 L from the first tube with 15 UL and adding it to the next tube, which
should have only 10uL, then mixing the new dilution. Incubate the reaction at 37°C for
1 h, then inactivate the enzymes by incubating at 65°C for 20 min.

Run each reaction on a 1% agarose gel (Fig. 1). Pick 2 to 4 reactions from each sample
that show a homogenous smear from 500 to 2000bp and cut out this region of the gel

HinP1I Mspl

-— 2 kb

~-— 500 bp

Fig. 1. Partial digestion of genomic DNA. Genomic DNA extracted from a pool of
M. tuberculosis transposon mutants was digested with serial dilutions of HinP1I or Mspl for 1h
at 37°C. (A) Digest products were resolved on a 1% agarose gel. (B) Fragments between 500 bp
and 2kb in size were extracted and purified.
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(Note 8). Ideally, each sample would have a similar smearing pattern for the excised reac-
tions, although some variation is inevitable. Purify DNA using the QIAquick gel extraction
kit. Elute DNA in 30puL 2mM Tris-HCI, pH 8.5.

Quantify eluted DNA products using a spectrophotometer or fluorometer and mix equal
amounts of DNA from each digestion. Use a vacufuge to dry the mixed product to a total
volume of 27 uL.

Mix equal volumes of 100-uM solutions of the following adapter oligonucleotides:
CGACCACGACCA (includes 3" C6-TFA-amino modification) and AGTCTCGCA
GATGATAAGGTGGTCGTGGT. Heat to 95°C for Smin, then decrease by 0.1°C/s to
25°C to allow the oligos to anneal to each other.

Mix the following for adapter ligation: 27 uL. DNA fragments (step 4), 4 uL. 10x T4 DNA
ligase buffer, 8 UL annealed adapter (S0uM each), and 1 uL. T4 DNA ligase. Incubate at
16°C overnight.

3.4.2. PCR Amplitication of Transposon Ends and Adjacent Chromosomal DNA

PCR is used to amplify the regions adjacent to the transposon-insertion sites. For

each sample, two separate PCR reactions containing an adapter-specific primer and a
transposon-specific primer are performed. The two transposon primers are specific for
different transposon ends so that the transposon junction from each side is amplified
separately.

1.

For each sample, make two sets of 50-uL PCR reactions containing the following: 1.5 mM
MgCl,, 0.25mM each dNTP, 10% DMSO, 1uM adapter primer (GTCCAGTCTCGCA
GATGATAAGG), 1uM transposon primer 1 (CCCGAAAAGTGCCACCTAAATTG
TAAGCG) or primer 2 (CGCTTCCTCGTGCTTTACGGTATCG), SYBR Green I nucleic
acid gel stain (used at manufacturer’s recommended concentration), AmpliTaq Gold with
GeneAmp PCR Gold buffer, and 1 pL ligated DNA (from Section 3.4.1, step 6). Use a real-
time thermal cycling system (i.e., DNA Engine Opticon 2; Bio-rad, Hercules, CA) to amplify
DNA using the following conditions: 95°C for 10min; 5 cycles of 94°C for 30s, 72°C
or 69°C for 30s, and 72°C for 1.5min; 5 cycles of 94°C for 30s, 70°C or 67°C for 30s,
and 70°C for 1.5min; 15 to 25 cycles of 94°C for 30s, 68°C or 65°C for 30s, and 68°C
for 1.5min + 5s per cycle; and 72°C for Smin. The low and high annealing temperatures
should be used for primers 1 and 2, respectively. PCR reactions should be removed
from the thermocycler during mid-log phase amplification as indicated by fluorescence
(Note 9).

Run the entire PCR reaction on a 2% agarose gel (Fig. 2). Successful amplification should
give a homogenous smear from approximately 100 to 1000bp (Note 10).

Cut out PCR products between 250 and 500bp and purify them using the QIAquick Gel
Extraction Kit (Note 11). Wash the DNA bound to the column once with 500 uL. QG buffer
(supplied with the kit) to remove all traces of agarose and twice with 700 uL. PE buffer
(supplied with the kit) to prevent carryover of the QG buffer. Contamination of the eluate
with agarose or QG can reduce the efficiency of later transcription steps. Elute in S0 uL
2mM Tris-HCI, pH 8.0.

Quantify the products using a fluorometer. Each sample should have at least 2ng/ul. DNA.
Mix equal amounts of PCR product amplified with primers 1 and 2 for each sample.

Dry the PCR product in a vacufuge.
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3.4.3. In vitro Transcription

1. Set up in vitro transcription reactions using the MEGAShortScript kit. Mix T7 RNA
polymerase reaction buffer, 7.5 mM each NTP, 40U RNaseOUT, 1uL T7 enzyme mix,
and water with the dried PCR product prepared in Section 3.4.2 in a total volume of 10 uL.
Incubate the reaction at 37°C overnight.

2. Digest the DNA template by adding 10uL water and 1uL DNase (supplied in the
MEGAShortScript kit). Incubate at 37°C for 20 min.

3. Purify RNA by using the RNeasy mini kit. Quantify RNA using a fluorometer or spectro-
photometer. Each sample should have at least 5ug RNA.

4. Mix 10% of the purified RNA with an equal volume of RNA loading buffer (supplied in
the MEGAShortScript kit). Heat to 65°C for 3 min. Load the mixture on a 2% agarose gel
in TAE buffer. There should be a strong smear between 100 and 400bp, as indicated by
dsDNA standards (Fig. 3).

5. Concentrate RNA by evaporation in a vacufuge at 45°C, decreasing the volume to 11 uL.
If not used immediately, store at —80°C.

3.4.4. Synthesis and Labeling of RNA

1. For each sample, mix RNA from Section 3.4.3 with 25 uM adapter primer and first strand
buffer in a total volume of 20 uL. Heat this mixture to 70°C for 10 min and 42°C for 5 min
and then place on ice for at least 1 min.

2. Add 10pL containing first strand buffer, I5mM DTT, 3 uL. 10 X aa-dNTP mix, 40 U RNase
OUT, and 200U SuperScript III RT enzyme. Incubate at 50°C for 2h or overnight.

3. To hydrolyze RNA, add 10uL 0.5M EDTA and 10uL 1M NaOH. Incubate at 65°C for
15min. Add 10puL of 1M HCI to neutralize pH.

Tn primer 1 Tn primer 2
| ..
| ..

Fig. 2. Transposon-specific PCR. Genomic fragments digested with restriction enzymes and
ligated to adaptors were used as PCR template. Adaptor- and transposon-specific primers were
used to amplify transposon ends. (A) PCR products from two representative samples were
resolved on a 2% agarose gel. (B) Fragments between 250 and 500bp in size were extracted
and purified.
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<— 300 bp
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«~— 500bp
<— 300 bp
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<—1kb

~<—500 bp

~<— 100 bp

Fig. 3. T7 transcription products. Transposon ends were amplified by PCR, and T7 RNA
polymerase was used to transcribe RNA from PCR products using outward-facing T7 promoters
at the transposon ends. RNA was purified, and aliquots from two representative samples were
loaded on a 2% agarose gel.

4. Purify cDNA using QIAquick PCR purification kit using the following modified steps
(Note 12). Mix cDNA synthesis products from step 3 with 20 uL. 3 M sodium acetate (pH
5.2) and 350uL Buffer PB (supplied by Qiagen). Spin the mixture through a QIAquick
column. Wash twice with 720uL cDNA wash buffer. Spin the column dry and then elute
in 30uL water twice.

5. Use a vacufuge to completely dry the eluted cDNA, then resuspend it in 9uL. 0.1M
NaHCO; at pH 9.0 (Note 13).

6. Add to an aliquot of Cy3 or Cy5 monoreactive dye according to manufacturer’s instruc-
tions. Leave at room temperature for 1h in the dark.

7. Remove uncoupled dye using QIAquick PCR Purification Kit. Add 35 uL 100 mM sodium
acetate (pH 5.2) and 200 uL Buffer PB (supplied by Qiagen) to the labeling reaction. Spin
through a QIAquick column. Wash twice with Buffer PE (supplied by Qiagen) and elute
in 30uL 10mM Tris-HCI, pH 8.0, twice.

8. Use a spectrophotometer to measure yield and labeling efficiency (Note 14).

3.5. Microarray Construction, Hybridization, and Analysis

The last steps of TraSH rely on microarray analysis of the regions adjacent to each
transposon insertion amplified in the previous sections. Described below are the con-
siderations involved in designing a microarray for TraSH and the steps involved in
constructing such an array. Steps involved in microarray hybridization and image
acquisition are also described along with statistical considerations involved in data
analysis.

3.5.1. Microarray Design

The considerations for designing a microarray for use in TraSH vary considerably
from those used for expression analysis, although arrays need not be dedicated to only
one application. The main variables in array design are the length of the DNA probe
to be immobilized and its position relative to the open reading frame (ORF) it is
designed to detect. Neither of these features is critical for the performance of arrays
designed to measure mRNA abundance, however, both can be manipulated to optimize
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TraSH data. In general, each probe should be complementary to a region near the center
of the target ORF. This decreases the probability of detecting insertions in intergenic
regions adjacent to the ORF or in nearby ORFs, which are less likely to affect the
function of the target ORF. Determining the optimal length of each probe is a trade-off
between longer probes, which maximize the number of insertions that are detected, and
shorter probes, which are optimal for excluding nondisruptive insertions. In practice,
double-stranded probes that are 300 to 500bp in length work well for most genes, but
probes as small as 70bp have been used successfully (Note 15). The following method
can be used to design primers specific for each ORF:

1. Use PRIMERS3 software (13) to generate 10 oligonucleotide primer pairs for each predicted
ORF in the M. tuberculosis H37Rv genome.

2. Compare each predicted ORF with all others using BLAST and generate a list of any
sequence that has an E value of < 1 x 107 to find ORFs that might misprime. Exclude
primers that might anneal to genes in this list.

3. Use BLAST to identify primer pairs that produce fragments that could cross-hybridize to
other ORFs (>77% identity) and eliminate these primer pairs.

4. Add 5" extensions to each forward and reverse primer: GGCATCTAGAG and
CCGCACTAGTCCTC, respectively.

3.5.2. Microarray Construction

1. Set up 50-uL. PCR reactions with each gene-specific primer pair, 2.5mM MgCl,, 10%
DMSO, 1.25U Tagq, 0.15U Pfu polymerase, and H37Rv genomic DNA as template. Use
the following thermocycling conditions: 94°C for 2 min; 30 cycles of 94°C for 30s, 60°C
for 305, 72°C for 1 min; and 72°C for 5 min.

2. Dilute PCR products 1:100 and use 2.5 1L in a second-round reaction using similar com-
ponents, but with universal primers containing 5 amino modification including a 3-carbon
linker (GAACCGATAGGCATCTAGAG and GAAATCCACCGCACTAGTCCTC; IDT).
Use the following thermocycling conditions: 95°C for 2min; 3 cycles of 94°C for 30s,
40°C for 30s, and 72°C for 1 min; 20 cycles of 94°C for 30s, 60°C for 30s, and 72°C for
1 min; and 72°C for 5min.

3. Run small aliquots of each second-round reaction on a 2% agarose gel to make sure each
primer pair produces a single fragment of the expected size.

4. Purify PCR products using multiscreen PCR plates.

5. Array PCR products onto CodeLink activated slides in duplicate, as recommended by the
manufacturer.

3.5.3. Microarray Hybridization

There are several adequate protocols for microarray hybridization. In the past, the
authors have successfully used manual hybridization and washing protocols (2).
However, we have found more consistent results with lower levels of background using
the Tecan HS400 hybridization station. The following describe conditions that can be
used with this system.

1. Wash slides printed and processed according to manufacturer’s instructions with a solution
containing 5x SSC and 0.1% SDS at 42°C for 30s and allow the slides to soak in the wash
for 30s.
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2. Inject 100uL prehybridization buffer at 42°C. Hybridize at 42°C for 30 min with 1.5min
agitation every 7 min.

Wash twice at 23°C with water for 30, soaking the slides for 30s each time.

Wash with 5% SSC and 0.1% SDS for 30s and soak for 30s, both at 23°C.

Inject 50pmol dye of each labeled cDNA sample suspended in hybridization buffer at
60°C. Heat the slides to 95°C for 2min to denature the single-stranded cDNA. Hybridize
at 42°C for 16h with 1.5 min agitation every 7 min.

Wash with 5% SSC and 0.1% SDS for 30s and soak for 30s, both at 23°C.

Wash with 0.2x SSC and 0.1% SDS for 30s and soak for 30s, both at 23°C.

Wash five times with 0.2x SSC for 30s, soaking for 30s each time, both at 23°C.

Wash with 0.05x SSC for 30s and soak for 30s, both at 23°C.

Dry slide at 30°C for 90 min.

kW
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3.5.4. Image Acquisition and Quantification

The relative amount of each fluorophore that is bound to each probe is quantified
using a commercial confocal microarray scanner. Image-quantification software is
available commercially or free of charge from Dr. Michael Eisen’s lab (http://rana.lbl.
gov/). All these programs include functions to assist in the identification of the DNA
features spotted on the array and the quantification of the relative amount of each
fluorophore bound per spot. In addition, all allow simple data transformations, which
will be discussed below.

3.5.5. Statistical Analysis

Replicate TraSH experiments are essential for the statistical analysis of the resulting
data. Variability is introduced into TraSH data at multiple points in the procedure
beginning with the plating of the library and including the amplification and labeling
of the genomic fragments. Therefore, under ideal circumstances, four biological repli-
cates (independently selected and plated libraries) should be analyzed. Analyzing
multiple samples generated from the same library (technical replicates) is also useful
if multiple libraries are not available. The authors generally perform two technical
replicates of 4 to 5 independently plated libraries, and therefore, 8 to 10 microarray
hybridizations are available for each analysis. In our experience, the technical replicates
tend to be more reproducible than the biological replicates, making the added value of
additional biological replicates higher than that of additional technical replicates.

Three data transformations are applied to the raw data that is collected by the micro-
array scanner. First, the local background intensity is subtracted from each spot. Second,
Cy3/Cys5 ratios that are less than 0.01 are set to 0.01, and those that are more than 100
are set to 100. This is based on the assumption that microarray features are unreliable
when the values are below or above a certain threshold. After subtraction of back-
ground, a feature with little or no fluorescence can have an extremely low or even
negative value, creating artifacts that skew the resulting ratio. Third, because the rela-
tive intensity of each fluorophore varies from array to array, the data from each array
is normalized to ensure that each data set is comparable. Most microarray data is nor-
malized such that the median intensity for each color is equal between arrays. The
authors have used LOWESS normalization for this purpose (14) (see http://www.stat.
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berkeley.edu/users/terry/zarray/Html/normspie.html). Although most data generated by
TraSH appears to be approximately normal, this transformation is problematic for
data whose ratios are not normally distributed around 1. Therefore, an alternative
normalization strategy that centers the mode of the ratios at 1 should be used for these
experiments. One strategy that has been used successfully is to define a set of ~50 genes
that are invariably found near the mode of the ratios. The entire data set is then normal-
ized such that the average of these 50 genes equals 1 in all experiments. The ratios for
each individual gene can then be averaged across the replicate experiments.

The goal of the statistical analysis of TraSH data is the identification of genes whose
ratios are significantly different from 1. Because replicate experiments are performed
and, therefore, the distribution of the ratio measurements for each gene is known, a
simple t-test statistic is adequate for defining these genes. However, more complex
statistical tests, which account for increased variance at low intensities, are also valid
and may be useful in certain cases, especially when the number of replicates is limited.

In addition to a cutoff based on statistical confidence, an absolute fold—change cutoff
is also useful to exclude variability based on the insertional specificity of the transpo-
son. As described in Section 3.2.1, the authors have used TraSH analysis to identify
genes important for in vitro growth by comparing library grown on 7H10 to labeled
genomic DNA (7). In this experiment, cloned DNA fragments were also mutagenized
with a Himarl transposon and compared with labeled genomic DNA. This resulted in
a normal distribution of ratios that varied from 5 to 0.2. Because there is no selection
for or against any particular insertion in this case, this variability is due to the insertional
specificity of the transposon. Experiments that compare labeled cDNA made from
transposon library to labeled genomic DNA must take this insertional bias into account.
By identifying genes with ratios that differ from 1 by more than fivefold, variation due
to transposon specificity can be largely eliminated, allowing the specific definition of
mutants that are underrepresented due to decreased growth rate. More carefully control-
led comparisons of transposon libraries selected under one condition to those selected
under another condition inherently accounts for insertional bias, allowing the use of
less-stringent fold-change cutoffs (5, 6).

Notes

1. Chloroform, methanol, and phenol are toxic and should be handled accordingly.

2. Although Tween-80 is often used to reduce clumping in mycobacterial cultures, it can also
inactivate phage and should therefore be avoided during phage propagation.

3. M. smegmatis can typically be grown on LB, but 7H10 agar should be used when preparing
a phage stock that will later be used to transduce M. tuberculosis or M. bovis BCG.

4. All steps that involve live M. tuberculosis should be performed under biosafety level 3
conditions.

5. We have found that smaller glass beads tend to stick to the lids of the plates, making them
more difficult to remove safely and conveniently.

6. Consistent digestion and enzyme dilution requires well-dissolved genomic DNA. For this
reason, we usually dilute 100 UL genomic DNA from step 9 in Section 3.3 in 900 uL. water
and incubate this diluted DNA at 37°C overnight. We have found that using PCR strip tubes
and a multichannel pipettor works well for making serial dilutions.


http://www.stat.berkeley.edu/users/terry/zarray/Html/normspie.html

Transposon Site Hybridization in M. tuberculosis 57

7.

10.

11.

HinP1I and Mspl were chosen because they cut the GC-rich M. tuberculosis genome fre-
quently and create similar overhangs. We are currently working on adapting this method
to organisms that have AT-rich genomes using restriction enzymes that have AT-rich rec-
ognition sites (i.e., Msel and Tsp509I) and modified adaptors that recognize the correspond-
ing overhangs. When adapting the TraSH technique to other organisms, it is important to
use restriction enzymes that are common in the target genome.

. Be careful to avoid prolonged exposure to UV while cutting DNA samples out of the

agarose gel. This is especially important if several samples are being processed at the same
time. In this case, only one sample at a time should be exposed to the UV light. Prolonged
UV exposure decreases the efficiency of subsequent PCR steps.

DMSO is added to the reaction to increase the efficiency of amplification of the GC-rich
template DNA.

The decreasing annealing temperatures used for PCR amplification should minimize
amplification due to false priming. This is also the purpose of the Amplitaq Gold enzyme,
which becomes activated only after the first 95°C step. As the two primers have different
annealing temperatures, we usually use a gradient setting on the thermocycler to allow
cycling of both temperatures simultaneously.

We have found that the most consistent and reliable microarray results are obtained
when the lowest number of cycles possible is used to amplify the transposon ends. SYBR
Green fluorescent dye is used to indicate the stage of amplification. We have empirically
determined a minimum threshold value above the background (as determined by initial
fluorescence) that is the lowest value consistently exceeded by early amplification. By
removing reactions at several rounds after this value and running the products on an agarose
gel, we have found the lowest number of cycles required to consistently provide enough
DNA for subsequent steps (about 100ng after gel extraction). We typically amplify
each sample in triplicate and combine triplicate reactions before gel-purification. This
allows a higher DNA yield with fewer cycles of amplification. For our thermocycler, we
remove reactions six cycles after the fluorescence exceeds 0.09 arbitrary units above the
background. This cutoff will need to be empirically determined for each thermocycler
used.

If a real-time thermocycler is not available, replicate PCR reactions can be removed at
several different cycles of amplification. Small aliquots of each reaction from different
cycles can then be run on an agarose gel. The first reaction that contains a clear smear is
used for subsequent steps.

When several samples are done at the same time, it is helpful to add equal amounts of
ligated DNA to each reaction as determined by step 4, Section 3.4.1. When this is done,
the number of cycles needed to reach mid-log phase amplification is more consistent
between samples.

Poor DNA quality, either as a result of poor ligation efficiency or due to UV damage during
gel extraction, can lead to the development of PCR artifacts as indicated by distinct bands
visible when the PCR products are run on an agarose gel. We have occasionally found that
a band less than 250 bp can occur due to primer 2. As PCR products between 250 and 500 bp
are used for the following steps, we usually disregard these artifacts if there is still a strong
smear above them. However, distinct bands within the 250 to 500bp range are cause for
concern. Improving the quality of the starting DNA or optimization of the PCR conditions
may be required to reduce such artifacts.

Care should be taken to avoid RNase contamination of the PCR products prepared in this
section and the RNA products prepared in the following section.
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12.

13.

14.

15.
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PE buffer contains Tris, which will inhibit the subsequent NHS coupling reaction. For this
reason, we substitute the high-salt cDNA wash buffer.

Sodium carbonate (NaHCOs) is made as 1M solution that is stored at —20°C in multiple
aliquots. Solutions with 0.1 M NaHCO; are made from a single, freshly thawed aliquot of
the stock solution. Aliquots are only thawed once to ensure proper pH.

The labeling efficiency of the reaction can be calculated as follows: Total cDNA (ng) =
Ajgo X 37 X volume (UL); Cy3 (pmoles) = Assy X volume (UL)/0.15; Cy5 (pmoles) = Agsp X
volume (1L)/0.25; nucleotides/dye ratio = Total cDNA (ng) x 1000/(324.5 x pmoles dye).
This reaction should yield at least 1nmol cDNA with one dye molecule per 60
nucleotides.

In the process of preparing this manuscript, there have been preliminary reports of the use
of 70-mer oligonucleotide arrays for TraSH analysis in M. tuberculosis. These arrays, made
available through The Institute for Genomic Research, have one 70-mer oligonucleotide for
each predicted ORF. Although there is no reason that this type of array should not be used,
the utility of this system has not been rigorously demonstrated to date.

Alternative oligonucleotide array designs use multiple small oligonucleotides for each
ORF as well as intergenic regions (originally developed by Affymetrix). Such a design
offers advantages in that it could be used to identify subgenic regions associated with spe-
cific phenotypes. It also allows the identification of phenotypes associated with unannotated
regions of the genome such as small ORFs or RNAs. Unfortunately, technical considera-
tions make it difficult for individual labs to produce such arrays, and commercial products
are not yet available for many organisms.
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Essential Genes in the Infection Model of Pseudomonas
aeruginosa PCR-Based Signature-Tagged Mutagenesis

Francois Sanschagrin, Irena Kukavica-Ibrulj, and Roger C. Levesque

Summary

PCR-based signature tagged mutagenesis is an “en masse” screening technique based upon unique
oligonucleotide tags (molecular barcodes) for identification of genes that will diminish or enhance
maintenance of an organism in a specific ecological niche or environment. PCR-based STM applied to
Pseudomonas aeruginosa permitted the identification of genes essential or in vivo maintenance by
transposon insertion and negative selection in a mixed population of bacterial mutants. The innovative
adaptations and refinement of the technology presented here with P. aeruginosa STM mutants selected in
the rat lung have given critical information about genes essential for causing a chronic infection and a
wealth of information about biological processes in vivo. The additional use of competitive index analysis
for measurement of the level of virulence in vivo, microarray-based screening of selected prioritized STM
mutants coupled to metabolomics analysis can now be attempted systematically on a genomic scale. PCR-
based STM and combined whole-genome methods can also be applied to any organism having selectable
phenotypes for screening.

Key Words: attenuation of virulence; competitive index; en masse screening; signature-tagged
mutagenesis.

1. Introduction

A combination of bacterial and molecular genetic techniques, the so-called genom-
ics-based technologies, can now be used to study bacterial pathogenesis on a global
scale at the genome level and in vivo (I, 2). These methods include in vivo expression
technology, or IVET (3) (promoter trap for genes expressed solely in vivo), DNA chips
(transcriptomics profiling), proteomics (via differential display in 2D gels), differential
hybridization (selective expression in vitro vs. in vivo of specific transcripts), and
signature-tagged mutagenesis (STM) (based on phenotypic attenuation of virulence).

Of these methodologies, STM is of particular interest. This elegant bacterial genetics
method is based on negative selection to identify mutations in genes that are essential
during the infection process (4, 5). In STM, transposon mutants are generated, and each
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unique bacterial clone is tagged with a specific DNA sequence that can be rapidly
identified by hybridization or more easily by PCR in a pool of mutants. STM is an
“en masse” screening technique where a tagged mutant having an insertion in a gene
causing a defect in virulence will be out-competed. It minimizes the number of animals
used by pooling mutants. In this negative selection scheme, the mutant bacteria cannot
be maintained in vivo; technically, attenuated mutants are selected by the host and
identified by comparing the in vitro input and the in vivo output pools of mutants using
multiplex polymerase chain reaction (PCR). STM mutants identified are retested to
confirm attenuation in virulence when compared with the wild-type strain; disrupted
genes are cloned via the transposon marker, and the inactivated genes are identified by
DNA sequencing.

Recent modifications of STM to eliminate the hybridization steps allow rapid and
easy identification of attenuated mutants using multiplex and real-time PCR. We refer
to this method as PCR-based STM (2, 6, 7). This PCR-based STM is an extremely
powerful and elegant bacterial genetics approach for in vivo functional genomics,
particularly when used in combination with bioinformatics, proteomics, transcriptom-
ics, and metabolomics analysis to identity genes and their products essential for in vivo
maintenance (8).

As an example of PCR-based STM, we will use the opportunistic pathogen Pseu-
domonas aeruginosa, which has the remarkable ability to adapt to various ecological
niches. The 6.3-Mb genome of P. aeruginosa strain PAO1 has been completely
sequenced, and its annotation is available at: http://www.pseudomonas.com (9, 10).
The sequence of strain PAO1 is of particular interest for STM analysis (11) because it
encodes 5570 open reading frames (ORFs), which comprises more than 543 regulatory
motifs characteristic of transcriptional regulators, 55 sensors, 89 response regulators,
and 14 sensor-response regulatory hybrids of two-component systems and at least 12
potential resistance-nodulation-cell division (RND) efflux systems including 300 pro-
teins implicated in transport (65% would be implicated in nutrient uptake). Because
more than 45% of ORFs from the sequence of PAO1 contained hypothetical proteins,
we felt that this was a gold mine for identifying particular virulence factors of oppor-
tunistic pathogens and genes essential for in vivo maintenance. As summarized in
Figure 1, the functions of most proteins encoded by the P. aeruginosa PAO1 genome
are barely known, and PCR-based STM is a powerful tool for this analysis. The PAO1
genome encodes 1780 (32%) genes having no homology to any previously reported
sequences; 1590 (28.5%) genes having a function proposed based on the presence of
conserved amino acid motif, structural features, or limited homology; and 769 (13.8%)
homologues of previously reported genes of unknown function. In terms of genes
characterized, 1059 (19%) have a function based on a strongly homologous gene
experimentally demonstrated in another organism, whereas only 372 genes (6.7%) have
a function experimentally demonstrated in P. aeruginosa.

The PCR-based STM method (12) has been applied extensively to P. aeruginosa
PAOT1 and will be used to illustrate the methods utilized for construction of the mutant
libraries, the preparation of agar beads for in vivo screening in a rat model of chronic
lung infection, the identification of mutants by multiplex PCR, the selection of mutants
attenuated for in vivo maintenance, and their analysis using a competitive index.
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Fig. 1. General features of the 5570 ORFs from P. aeruginosa (9). The number of ORFs in

each of the five groups of protein coding sequences—known function, homologous unknown,
homologous function, homologues conserved motifs, and unknowns—is indicated. The percent-
age represented by each ORF group is indicated.

2. Materials

I.

—_

13.
14.
15.
16.

17.

= o0 ® N

Plasmids: pUTmini-Tn5 Km2, pUTmini-Tn5 Tc (13), pUTmini-TnS TcGFP (14), pTZ18R
(GE Healthcare, Baie d’Urfé, Québec, Canada), pPS856, pPDONR221, pEX18ApGw (15),
pUCP19 (16).

Oligonucleotides for tag construction and universal primers for multiplex PCR listed in
Table 1.

10x medium salt buffer (oligonucleotide buffer): 10 mM Tris-HCI pH 7.5, 10mM MgCl,,
50mM NaCl, 1 mM DTT.

Deoxynucleotide triphosphates (ANTPs): dATP, dGTP, dCTP, dTTP.

Restriction enzymes: T4 DNA polymerase, HotStartTag DNA polymerase (Qiagen, Mis-
sissauga, Ontario, Canada); T4 DNA ligase and HiFi Platinum Taq (Invitrogen, Burlington,
ON, Canada).

Restriction enzymes buffers: 10x NEB 1, 2, 3, (New England Biolabs [NEB], Mississauga,
ON, Canada).

10x BSA (1 mg/mL) (NEB).

T4 DNA ligase 10x buffer (NEB).

Micropure-EZ pure, microcon 30, microcon PCR (Millipore, Nepean, ON, Canada).

P. aeruginosa strain PAO1 (17).

Escherichia coli strains, S17-1 A pir, DH50., ElectroMax DH10B (Invitrogen), One Shot
MAX Efficiency DH5a-T1" (Invitrogen).

Bio-Rad GenePulser.

Electroporation gap cuvettes, | mm and 2 mm.

Hotplate stirrer (Corning, Model 4200, Fisher Scientific, Québec, Canada).

Bacterial growth media: tryptic soy broth (TSB), brain heart infusion, (BHI), tryptic soy
agar (TSA), Mueller-Hinton agar (MHA), Pseudomonas isolation agar (PIA), BHI agar.
Antibiotics: ampicillin (Ap), kanamycin (Km), tetracycline (Tc), gentamicin (Gm), carbe-
nicillin (Cb), chloramphenicol (Cm).

TE PCR buffer: 10mM Tris-HCI pH 7.4; EDTA 0.1 mM.
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18. 10x HotStartTaq DNA polymerase reaction buffer with Tris-Cl, KCI, (NH,),SO,, 15mM
MgCl,, pH 8.7 (Qiagen).

19. 10 pmol oligonucleotide tags, universal primers listed in Table 1.

20. Mineral oil.

21. Agarose LM Nusieve GTG (FMC, Rockland, Maine).

22. Standard gel electrophoresis grade agarose, 1x Tris-borate EDTA buffer, and 0.5 ug/mL
ethidium bromide solution.

23. MEF-Millipore membrane filter 0.025 um, 25 mm (Millipore).

24. Sterile 1x phosphate-buffered saline (PBS): 137mM NaCl, 3mM KCI, 10mM Na,HPO,,
1.3mM KH,PO, pH 7.4.

25. 2-mL 96-well plates (Qiagen).

26. Sprague-Dawley rats, 450 to 500 g, male.

27. Polytron homogenizer (Kinematica AG, Lucerne, Switzerland).

28. QIAGEN Dneasy Tissue kit (Qiagen).

29. QIAfilter plasmid midi kit (Qiagen).

30. QIAquick gel extraction kit (Qiagen).

31. Quant-iT Picogreen dsDNA reagent and kit (Invitrogen).

32. Gateway BP Clonase II Enzyme Mix (Invitrogen).

33. Gateway LR Clonase II Enzyme Mix (Invitrogen).

34. DNA sequencing service and bioinformatics software.

3. Methods

STM is divided into two major steps: the construction of a library of tagged mutants
by transposon mutagenesis, which implicates the synthesis and ligation of DNA tags
into a specific site, transfer of the transposon into the recipient host, selection of
transconjugants, and arraying of the mutants; and the in vivo screening step, which
involves an in vivo animal or cell model of selection, the screening of tissues for mutant
bacteria, and comparative PCR analysis of mutants not found in the host because STM
is a negative selection process (2). A crucial step in STM depends upon a high fre-
quency of random transposon insertions into the chromosome. This is not always pos-
sible because of low frequencies of transposition in certain bacterial hosts and the
presence of hot spots of insertion in certain bacterial genomes. When applying STM,
one must take into consideration that insertion into an essential gene gives a lethal
phenotype. These genes cannot be identified by STM, and several may be critical for
virulence (12). Obviously, STM will identify only mutants attenuated for in vivo main-
tenance when compared with the wild-type strain used. All mutants selected require
several rounds of in vivo screening, testing for auxotrophy, and analysis by a competi-
tive index (CI) to estimate changes in the level of virulence for a particular mutant
when compared with the wild type.

The methods below outline the construction of tagged plasmids including tag anneal-
ing, plasmid preparation, plasmid and tag ligation, and electroporation (Section 3.1);
construction of libraries of tagged mutants by conjugation including transposon muta-
genesis (Section 3.2); in vivo screening of tagged mutants insertion of P. aeruginosa
into agar beads to facilitate initiation of a chronic infection in the rat lung for the
first in vivo passage of tagged mutants (Section 3.3); cloning, sequencing, and analysis
of disrupted genes responsible for attenuation of virulence in STM mutants (Section
3.4); construction of gene knockouts for selected STM mutants (Section 3.5); and a
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Table 1
Nucleotide Sequences of the 24 Oligonucleotides Used for Construction of Signature
Tags and Sequences of the Three Universal Primers for Multiplex PCR-Based STM

Tag Number Nucleotide sequence
1 GTACCGCGCTTAAACGTTCAG
2 GTACCGCGCTTAAATAGCCTG
3 GTACCGCGCTTAAAAGTCTCG
4 GTACCGCGCTTAATAACGTGG
5 GTACCGCGCTTAAACTGGTAG
6 GTACCGCGCTTAAGCATGTTG
7 GTACCGCGCTTAATGTAACCG
8 GTACCGCGCTTAAAATCTCGG
9 GTACCGCGCTTAATAGGCAAG
10 GTACCGCGCTTAACAATCGTG
11 GTACCGCGCTTAATCAAGACG
12 GTACCGCGCTTAACTAGTAGG
13 CTTGCGGCGTATTACGTTCAG
14 CTTGCGGCGTATTATAGCCTG
15 CTTGCGGCGTATTAAGTCTCG
16 CTTGCGGCGTATTTAACGTGG
17 CTTGCGGCGTATTACTGGTAG
18 CTTGCGGCGTATTGCATGTTG
19 CTTGCGGCGTATTTGTAACCG
20 CTTGCGGCGTATTAATCTCGG
21 CTTGCGGCGTATTTAGGCAAG
22 CTTGCGGCGTATTCAATCGTG
23 CTTGCGGCGTATTTCAAGACG
24 CTTGCGGCGTATTCTAGTAGG
pUTKana2 GGCTGGATGATGGGGCGATTC
pUTgfpR2 ATCCATGCCATGTGTAATCCC
tetR1 CCATACCCACGCCGAAACAAG
Gm-F* CGAATTAGCTTCAAAAGCGCTCTGA
Gm-R* CGAATTGGGGATCTTGAAGTTCCT
GW-artB1* GGGGACAAGTTTGTACAAAAAAGCAGGCT
GW-artB2* GGGGACCACTTTGTACAAGAAAGCTGGGT
PA2896-UpF-GWL* TACAAAAAAGCAGGCTcgaaggatgtggccgatgag
PA2896-UpR-Gm* TCAGAGCGCTTTTGAAGCTAATTCGatcaggctgagccaggtttc
PA2896-DnF-Gm* AGGAACTTCAAGATCCCCAATTCGacagcgcegaggtattcctg
PA2896-DnR-GWR* TACAAGAAAGCTGGGTggaaatgcgccagceatctg

Each of 21-mers has a T,, of 64°C and permits PCR amplification in one step when the three primer
combinations are used for multiplex screening. Two sets of consensus 5’-ends comprising the first 13
nucleotides have higher AG’s for optimizing PCR. Twelve variable 3’-ends define tag specificity and allow
amplification of specific DNA fragments. The set of twenty-four 21-mers representing the complementary
DNA strand in each tag are not represented and can be deduced from the sequences present. Single colonies
are selected, purified, and screened by colony PCR using 10pmol pUTKana2, pUTgfpR2, and tetR1 as
the 3" primers designed in the transposon resistance gene for multiplex PCR. Unique nucleotide sequences
in each oligonucleotide primer (1 to 24) is indicated in bold.

*Sequences in capital letters are common for all genes to be replaced and overlap with the Gm or a#B
primer sequences. Lowercase letters indicate gene-specific sequences; here, PA2896 is used as an
example.
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competitive index analysis of selected mutants to estimate the level of attenuation of
virulence (Section 3.6).

3.1. Construction of Tagged Plasmids

The PCR-based STM scheme involves designing pairs (24 in this case, but 48 and
96 unique oligonucleotides could be utilized) of 21-mers (Table 1) synthesized as
complementary DNA strands for cloning into the mini-Tn5 plasmid vectors as shown
in Figure 2. The sets of 24 tags are repeatedly used to construct 24 libraries as shown
in Figure 3A. DNA amplification using a specific tag as a PCR primer coupled to three
primers specific to the Km, Tc, and GFP genes gives three products of specific size
easily detectable by multiplex PCR depicted in Figure 3B. Multiplex PCR products
obtained from arrayed bacterial clones in vitro can be compared with the amplified
DNA products obtained after in vivo passage. These PCR products can easily be visual-
ized in agarose gels as 980-, 820-, and 220-bp amplified products as depicted in
Figure 3B.

21 bps oligo
A
bla
B
21 bps tag

I B v A Km2 (1834 bps)

21 bps tag

o Tc 1

v AL ! Tc (2237 bps)
21 bps tag

O/ GFP Tc |

— 1 GFP (3037 bps)

Fig. 2. (A) Physical and genetic maps of the pUT plasmid and the mini-Tn5Km2, mini-
Tn5Tc, and mini-Tn5GFP transposons used. The transposons are located on an R6K-based
suicide delivery plasmid pUT where the Pi protein is furnished by the donor cell (E. coli S17-1
A pir); the pUT plasmid provides the IS50R transposase in cis, but the mp gene is external to
the mobile element and its conjugal transfer to recipients is mediated by RP4 mobilization func-
tions in the donor (27). (B) The elements are represented by thick black lines, inverted repeats
are indicated as vertical boxes, and genes are indicated by arrows. This collection of Tn5-derived
mini-transposons has been constructed that simplifies substantially the generation of insertion
mutants, in vivo fusions with reporter genes, and the introduction of foreign DNA fragments
into the chromosome of a variety of Gram-negative bacteria. The mini-Tn5 consists of genes
specifying resistance to Km, Tc, and GFP with unique cloning sites for tag insertion flanked by
19-base-pair terminal repeats, the I and the O ends. I and O, inverted repeat ends; Km, kanamy-
cin; Tc, tetracycline; GFP, green fluorescent protein.
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Instead of complicating PCR analysis using 72 or 96 unique PCR tags, we prepared
24 pairs of 21-oligomers coupled to three distinct phenotypic selections of transposon
markers such as Km, Tc, and Tc with green fluorescent protein (GFP) but still giving
a total of 72 distinct tags (7). We reasoned that a rapid analysis of 24 PCR reactions
in multiplex format is more straightforward, rapid, and easier to perform than 72 single
PCR reactions.

The oligonucleotides were designed as tags following three basic rules: (a) similar
T,, of 64°C to simplify tag comparisons by using one step of PCR reactions; (b) invari-
able 5’-ends with higher AG than at the 3’-end to optimize PCR amplification reactions;
(c) a variable 3’-end for an optimized yield of specific amplification product from each
tag (18, 19). The 21-mers are annealed double-stranded and are cloned into a mini-
transposon (mini-TnJ5), which is used for insertional mutagenesis and, hence, tag bac-
teria. This collection of transposons can be used with any bacterial system that can
conjugate with E. coli as a donor and is available upon request.

3.1.1. Tag Annealing

A collection of 24 defined 21-mers oligonucleotides should be synthesized along
with their complementary DNA strands using the templates listed in Table 1. Annealing
reactions contained 50 pmol of both complementary oligonucleotides in 100 uL. of 1x
medium salt buffer. This oligonucleotide mixture is heated 5 min at 95°C, left to cool
slowly at room temperature in a block heater, and kept on ice.

3.1.2. Plasmid Purification and Preparation for Tag Ligation

On a routine basis, we use the Qiagen system for plasmid preparation. DNA manipu-
lations were performed by standard recombinant DNA procedures (20).

1. 20pg of each pUTmini-TnS plasmid DNA is digested with 20 units of Kpnl in 40uL of
1x NEB 1 buffer containing 1x BSA, and incubated for 2h at 37°C, and the enzyme is
inactivated for 20 min at 65°C.

2. Extremities are blunted with T, DNA polymerase by adding 4nmol of each dNTP and
5 units of T, DNA polymerase.

3. Purify each blunted plasmid DNA to eliminate endonuclease and T, DNA polymerase
reactions with micropure-EZ and microcon 30 systems in a single step as described by the
manufacturer’s protocol.

3.1.3. Plasmid and Tag Ligation and Electroporation

1. Each plasmid (0.04pmol) is ligated to 1pmol of double-stranded DNA tags in a final
volume of 10uL of T, DNA ligase 1x buffer containing 400 units of T, DNA ligase. Note
that 24 ligation reactions are performed for each plasmid, which implies 72 single reac-
tions, 72 electroporations, and 72 PCR analyses.

2. Ligated products are purified using microcon PCR (Millipore) as described by the
manufacturer’s instructions and resuspended in 5 uL H,O.

3. The 5-uL solution containing ligated products are introduced into E. coli S17-1 A pir by
electroporation using a Bio-Rad apparatus (2.5KV, 200 Ohms, 25 UF) in a 2-mm electro-
poration gap cuvette. After electroporation, 0.8 mL SOC is added to the bacterial prepara-
tion, and the solution is transferred in culture tubes for incubation for 1h at 37°C.
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4. Transformed bacteria containing tagged plasmids are selected on TSB supplemented with
50ug/mL Ap and 50 ug/mL Km by plating 100 uL of electroporated cells.

5. Single colonies are selected, purified, and screened by colony PCR in 50-uL reaction
volumes containing 10 UL of boiled bacterial colonies in 100puL TE PCR buffer; 5SuL of
10x HotStartTaq polymerase reaction buffer; 1.5mM MgCl12; 200uM of each dNTPs
10pmol of one of the oligonucleotides used for tags as a specific 5" primer and 10pmol
of the pUTKanaR 1, the pUTgfpR2, and the tetR1 (Table 1) as the universal 3’ primer; and
2.5 units HotStartTaq polymerase (Invitrogen). Thermal cycling conditions are for touch-
down PCR including:

(a) a hot start for 15min at 95°C;

(b) 22 cycles at 95°C for 1min, varied annealing temperature for 1 min (after cycle 2
decrease the temperature from 70°C to 60°C by 1°C every 2 cycles) and at 72°C for
1 min;

(c) followed by 10 cycles at 95°C for 1 min, 60°C for 1 min, and 72°C for 1 min.

6. Amplified products (10-uL aliquots) are analyzed by electrophoresis in a 1% agarose gel,
Ix Tris-borate EDTA buffer, and stained for 10 min in 0.5 ug/mL ethidium bromide solu-
tion (20) (Note 1).

3.2. Construction of Libraries of Tagged Mutants

A series of suicide pUT plasmids carrying mini-Tn5Km2, mini-Tn5Tc, and mini-
Tn5Tc-GFP each with a specific tag were transferred by conjugation (21) into the tar-
geted bacteria P. aeruginosa giving 72 libraries of mutants; 96 mutants each of 72
libraries were arrayed into 96-well master plates (Fig. 3A, B). The 72 mutants from
the same pool were grown separately overnight at 37°C. Aliquots of these cultures were
pooled and a sample kept for PCR analysis (the in vitro pool). A second sample from
the same pool was used for the in vivo passage.

«

Fig. 3. (A) Construction of master plates of P. aeruginosa STM mutants for in vitro and in
vivo screening by PCR-based STM. Each master plate contains a collection of 72 mutants having
unique chromosomal transposon insertions and are selected from arrayed mutants obtained by
conjugation. As depicted above, each conjugation set for a transposon is done using a specific
marker (kanamycin, Km; tetracycline, Tc; and Tc-GFP, green fluorescent protein) containing
24 tags. Selection is based on antibiotic-resistance markers and PCR for each set of specific
tags. The shading in plates indicates a particular tag; the shading of bacteria in the master plate
represents a unique mutant with a transposon insertion. The open-boxed lines represent each
transposon, and I and O ends inverted repeats are indicated. The pUTmini-Tn5Km, Tc, and GFP
vectors were used. (B) Comparative analysis between the in vitro and in vivo pools using mul-
tiplex PCR. An aliquot is kept as the in vitro pool, and a second aliquot from the same prepara-
tion is used for passage into the rat lung for negative selection. At determined time points of
infection, bacteria are recovered from the lung and constitute the in vivo pool. The in vitro and
in vivo pools are used to prepare DNA in 24 PCR multiplex reactions using the 24 specific
21-mers tags and the Km-, Tc-, and GFP-specific primers. Comparisons between in vitro and
in vivo multiplex PCR products are done by agarose gel electrophoresis for identification of
mutants absent in vivo (indicated by the white halos in lanes 5, 7, 15, and 24). The PCR products
of 980, 820, and 220bp when amplified with Tc, GFP, Km, and tag-specific PCR primers,
respectively. Each mutant is confirmed by a specific PCR; resistance markers are cloned and
flanking regions sequenced to identify the inactivated gene.
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3.2.1. Conjugation and Transposon Mutagenesis

1. E. coli S17-1 A pir containing the pUTmini-Tn5 tagged plasmids is used as a donor for
conjugal transfer into the recipient strain. The ratio of donor-to-recipient bacterial cells to
obtain the maximum of exconjugants should be determined in preliminary experiments.
For P. aeruginosa, we used 1 donor to 10 recipient cells. Cells are mixed and spotted as
a 50-pL drop on a membrane filter placed on a nonselective BHIA plate. Plates are incu-
bated at 30°C overnight.

2. Filters are washed with 10mL of PBS saline to recover bacteria.

3. Aliquots of 100uL of the PBS solution containing exconjugants are plated on five BHIA
plates supplemented with the appropriate antibiotic to select for the strain. For P. aerugi-
nosa, we use Km (350 or 500 ug/mL) and Tc (15 or 30 ug/mL). Plates are incubated over-
night at 37°C.

4. Km- or Tc-resistant P. aeruginosa exconjugants are arrayed as libraries of 96 clones in
2-mL 96-well plates in 1.5 mL of BHI supplemented with Km and appropriate antibiotic.
The 2-mL 96-well plates are incubated 18 to 22h at 37°C (Note 2).

5. As an STM working scheme, one mutant from each library is picked to form 96 pools of
72 unique tagged mutants (Fig. 3A) contained in the 2-mL 96-well plates.

3.3. In Vivo Screening of Tagged Mutants

Unfortunately, traditional screening in animal models of infection for mutants cover-
ing a complete genome and based on a gene by gene mutational approach is not feasible
in vivo, even with today’s capabilities in genomics and proteomics. For example, a
significant analysis of virulence determinants for the P. aeruginosa 6.3-Mb genome
encoding 5570 ORFs would require in a model of infection a minimum of 5570
animals; statistical validity would recommend groups of at least five individuals giving
a total of 27,850 animals; an impossible and unjustifiable task.

Bacteria are recovered from the lung of each animal (the in vivo pool), and the in
vitro pools are used as templates in 24 distinct multiplex PCR reactions. PCR products
are separated by gel electrophoresis where the presence or absence of DNA fragments
and their sizes are compared between the in vitro and in vivo pools. Mutants whose
PCR products have not been detected after the in vivo passage are in vivo attenuated
(Fig. 3B). This simple STM method can be adapted to any bacterial system and used
for genome scanning in various growth conditions.

3.3.1. Preparation of Arrayed Bacteria for In Vitro PCR

1. The 72 mutants from the same pool are grown separately overnight at 37°C in 200uL TSB
containing Km or Tc in 96-well microtiter plates.

2. Aliquots of these cultures are pooled.

3. A first sample is diluted from 107" to 107 and plated on BHIA supplemented with the
appropriate antibiotic for each transposon marker (Km or Tc).

4. After overnight incubation at 37°C, 10* colonies are recovered in SmL PBS, and a sample
of 1 mL is removed for PCR and called the in vitro pool.

5. The 1mL in vitro pool sample is spun down, and the cell pellet is resuspended in 1 mL
TE PCR buffer.

6. The in vitro pool is boiled 10min and spun down, and 10puL of supernatant are used in
PCR analysis as described above.

7. A second sample from the pooled cultures is used to inoculate animals.
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3.3.2. Preparation of Agar Beads with Pools of 72 Mutants

We use two methods for enmeshing P. aeruginosa cells into agar beads (22, 23).
For large-scale library screening of pooled mutants, we use a centrifugation technique
(see below), and for selected STM mutants in competitive index analysis, we use a
decantation technique (Section 3.6). Both methods give the same type and yield of agar
beads and infection kinetics. The general scheme for agar-bead preparation is given in
Figure 4 (Note 3).

3.3.2.1. DAY 1

1. Inoculate pool of P. aeruginosa STM mutants in 10 mL TSB with appropriated antibiotics
in a 250-mL Erlenmeyer flask or in 200 UL of TSB in a deep 96-well plate (TSB + Cm
Sug/mL for P. aeruginosa).

2. Incubate 17h at 37°C without agitation.

3. Prepare 10mL PBS containing 2% agar for each bead preparation and sterilize by
autoclaving.

4. Prepare and sterilize a large supply of PBS 1x, centrifugation bottles, 200 mL mineral oil
in a 250-mL Erlenmeyer flask with a magnetic stirrer, BHIA with and without antibiotics,
and feeding needles.

3.3.2.2. DAY 2

1. A 2% agar solution is melted in a microwave and separated in 10-mL aliquots for bead
preparations in separate culture tubes (13 x 100 mm).

2. Culture tubes and Erlenmeyer flask containing mineral oil are placed in a water bath at
48°C.

3. 0.5mL of each pooled culture is washed twice with the same volume of PBS 1x, and cen-
trifugations are done at 7200 rpm for 2 min.

— Mineral oil

| SDC/PBS
wash

Settled beads

)

— Bead slurry

Fig. 4. Preparation of encapsulated P. aeruginosa in agar beads. The basic setup is presented
using basic microbiological techniques. Beads can be observed with an inverted light micro-
scope using a 10x objective. Details of the preparation steps, determination of colony-forming
units prior to infection, and analysis are given in the text (Section 3.3.2 and Refs. 8, 22, 23).
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4. 50uL of washed culture is added to 10mL of 2% agar solution. Vortex the agar bacterial
mixture.
5. Place Erlenmeyer flask containing mineral oil into a Pyrex container half-filled with water;
place on a magnetic stirrer and start stirring.
6. The agar-bacterial mixture solution is poured into the mineral oil in the center of the vortex
(not on the side of the Erlenmeyer flask) while stirring.
7. A mixture of water-ice “slush” is rapidly added on the side of the Erlenmeyer flask to cool
the solution in the Pyrex container. Stirring is maintained for 5 min.
8. The agar preparation is placed at room temperature for 10 min without stirring, allowing
agar beads to settle at the bottom of the Erlenmeyer flask.
9. A Pasteur pipette hooked to a vacuum is used to remove half of the mineral oil.
10. Agar beads are poured into a 250-mL polycarbonate centrifugation bottle, and the volume
is completed to 200mL with 1x PBS.
11. Centrifugation is done at 10,000 rpm for 20 min at 4°C.
12. A vacuum is used to remove as much oil as possible and only a small amount of PBS.
13. The volume is completed to 200mL with 1x PBS, and agar beads are resuspended by
manual shaking.
14. This washing step is repeated, and this time half the PBS is removed.
15. After the last washing step, most of the PBS is removed and gives a volume of approxi-
mately 10mL.
16. Beads are resuspended and ready to be injected. Agar beads are conserved at 4°C and can
be used up to 1 month.

3.3.2.3. DETERMINATION OF COLONY-FORMING UNITS PRIOR TO INJECTION

1. An aliquot of 1 mL agar beads is added to 9 mL PBS; this dilution is homogenized with a
Polytron for 30s at maximum speed. The apparatus is sterilized after each sample by a
short burst in ethanol 70% and in sterile water.

2. An aliquot of 100uL is diluted serially to 10~ on a BHIA plate.

3. Plates are incubated overnight at 37°C, and colony-forming units are determined.

It should be noted here that one is targeting an agar-bead preparation containing 10’
to 10° CFUs/100 uL to be injected. To complete the actual screening with 72 different
STM mutants in the rat lung for 7 days, a minimum of 10° total bacteria is required.
Hence, it is critical that all clones are represented at the same level when attempting
to produce a chronically infected animal (10* minimum per STM mutant x 72 mutants
per animal).

3.3.2.4. INOCULATION INTO ANIMALS

Male Sprague-Dawley rats, 450 to 500 g in weight, are used according to the ethics
committee for animal treatment. The animals are anesthetized using isoflurane and
inoculated by intubation using an 18-G venous catheter and a syringe (1-mL tuberculin)
with 120 uL of a suspension of agar beads containing 10° colony-forming units (CFU)
of bacteria. After 7 days, lungs are removed from sacrificed rats, and homogenized
tissues are plated in triplicate on PIA for total number of P. aeruginosa bacterial cells
and MHA supplemented with antibiotics.

1. After the appropriate in vivo incubation time of 7 days, animals are sacrificed, and bacteria
are recovered from the targeted organs.
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Tissues are recovered by dissection and homogenized with a Polytron homogenizer in
10mL sterile 1x PBS, pH 7.0, contained in a 50-mL falcon tube.

100 uL of homogenized tissues are plated on MHA. After the in vivo selection, 10* colonies
recovered from a single PIA plate are pooled in SmL PBS. From the SmL, 1 mL is spun
down and resuspended in 1 mL of TE PCR (the in vivo pool).

The in vivo pool is boiled 10 min and spun down, and 10 UL of supernatant is used in PCR
analysis as described above. Ten microliters of PCR are used for 1% agarose gel electro-
phoresis separation.

PCR amplification products of tags present in the in vivo pool are compared with amplified
products of tags present in the in vitro pool (Fig. 3B). We use a multiplex PCR approach
combining the different amplified product sizes and confirm negative clones using specific
primer sets in single PCR assays (17).

Mutants that give PCR amplicon from the in vitro pool and not from the in vivo pools are
purified and kept for further analysis.

3.4. Cloning and Analysis of Disrupted Genes from Attenuated Mutants

Instead of using inverse PCR and on a routine basis, chromosomal DNA from attenu-
ated mutants is prepared using the QIAGEN genomic DNA extraction kit as described
in the manufacturer’s protocol.

1.

2.

11.

12.

Chromosomal DNA (1 to 5ug) is digested with endonuclease (in our case PstI), giving a
large range of fragment sizes.

Digested chromosomal DNA is cloned into pTZ18R predigested with the corresponding
endonuclease and ligation reactions are done as follows:

1 ug of digested chromosomal DNA is mixed with 50ng of digested pTZ18R in 20 UL of
1x T, DNA ligase buffer with 40 units of T, DNA ligase.

Incubate overnight at 16°C.

Ligated products are purified using microcon PCR (Millipore) as described by the manu-
facturer’s instructions and resuspended in 5 uL. H,O.

The 5-uL recombinant plasmid solution is used for electroporation in E. coli ElectroMAX
DHI10B as recommended by the manufacturer.

After the electroporation, cells are spun down and resuspended in 100 UL of BHI to be
plated on a selective plate. Colonies are recovered by scraping from the place using 5mL
BHL

Bacteria containing pTZ18R containing an insertion of genomic DNA encoding the trans-
poson antibiotic resistance marker from mini-Tn5Km or mini-Tn5Tc and mini-Tn5SGFP
are plated on TSA with Km (50ug/mL) or Tc (20 ug/mL), respectively.

Clones are kept and purified for plasmid analysis.

Plasmid DNA is prepared with QIAGEN midi preparation kit as described by the
manufacturer.

These plasmids are sequenced using the complementary primer of the corresponding
tagged mutant or the three conserved transposon primers encoding antibiotic resistance.
Automated sequencing is done as suggested by the manufacturer.

DNA sequences obtained are assembled and subjected to database searches using BLAST
included in the GCG Wisconsin package (version 11.0). Similarity searches with complete
genomes can be performed at NCBI using the microbial genome sequences at http://www.
ncbi.nlm.nih.gov, or in this specific case for P. aeruginosa, http://www.pseudomonas.
com.
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3.5. Construction of Gene Knockouts for Selected STM Mutants

Because it is well-known that transposon insertions may give polar mutations (except
for insertions in genes at the end of an operon), a method is essential to construct gene
knockouts in P. aeruginosa giving a clean genetic background. However, despite the
development of many genetic tools for P. aeruginosa over the past decade, isolation
of defined deletion mutants is still a relatively tedious process that relies on construc-
tion of deletion alleles, most often tagged with an antibiotic-resistance gene, on a
suicide plasmid, followed by recombination of the plasmid-borne deletions into the
chromosome, usually after conjugal transfer of the suicide plasmid (24).

PCR and recombinational technologies can be exploited to substantially accelerate
virtually all steps involved in the gene-replacement process. We now use a novel
method for rapid generation of unmarked P. aeruginosa deletion mutants. The method
was applied to deletion of 25 P. aeruginosa genes encoding transcriptional regulators
of the GntR family (15).

The method that we now use can be summarized as follows: Three partially overlap-
ping DNA fragments are amplified and then spliced together in vitro by overlap exten-
sion PCR. The resulting DNA fragment is cloned in vitro into the Gateway vector
pDONR221 and then recombined into the Gateway-compatible gene-replacement
vector pPEX18ApGW. The plasmid-borne deletions are next transferred to the P. aeru-
ginosa chromosome by homologous recombination. Unmarked deletion mutants are
finally obtained by Flp-mediated excision of the antibiotic resistance marker. The pro-
tocol below is essentially as developed by Choi and Schweizer (15) and is summarized
in Figure S with technical details below. The specific example used is for a deletion
on the PA2896 gene isolated by STM with details confirming the PA2896 deletion by
PCR in Figure 6 and analysis in CI in Figure 7.

3.5.1. First-Round PCRs for PCR Amplification of the Gm Resistance
Gene Cassette

1. A 50-uL PCR reaction contained Sng pPS856 template DNA, 1x HiFi Platinum Tag
buffer, 2mM MgSO,, 200 uM dNTPs, 0.2 uM of primer Gm-F and Gm-R, and 5 units of
HiFi Platinum Taq polymerase (Invitrogen). Cycle conditions are 95°C for 2 min, followed
by 30 cycles of 94°C for 30s, 50°C for 30s, and 68°C for 1 min 30s, and a final extension
at 68°C for 7 min.

2. The resulting 1053-bp PCR product is purified by agarose gel electrophoresis and its
concentration determined spectrophotometrically using the Quant-it Picogreen kit
(Invitrogen).

3.5.1.1. PCR AMPLIFICATION OF 5" AND 3’ GENE FRAGMENTS

Two 50-uL. PCR reactions are prepared.

1. The first reaction contains 20ng chromosomal template DNA, 1x HiFi Platinum Tag
buffer, 2mM MgSO,, 5% DMSO, 200uM dNTPs, 0.8uM of PA2896-UpF-GWL and
PA2896-UpR-Gm primers for the constructed deletion of PA2896, and 5 units of HiFi
Platinum Taq polymerase.

2. The second reaction contains the same components as the first except for 0.8uM of
PA2896-DnF-Gm and PA2896-DnR-GWR. Cycle conditions are 94°C for 5 min, followed
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Fig. 5. General scheme for construction of P. aeruginosa knockout mutants: Gateway-
recombinational cloning and return of the plasmid-borne deletion allele to the P. aeruginosa
chromosome. The mutant DNA fragment generated by overlap extension PCR is first cloned
into pDONR221 via the BP clonase reaction to create the entry clone pDONR221-Gene::Gm,
which then serves as the substrate for LR clonase-mediated recombination into the destination
vector pEX18ApGW. The resulting suicide vector pEX18ApGW-Gene::Gm is then transferred
to P. aeruginosa, and the plasmid-borne deletion mutation is exchanged with the chromosome
to generate the desired deletion mutant. Please note that, as discussed in the text, gene replace-
ment by double crossover can occur quite frequently, but it can also be a rare event, in which
case allele exchange happens in two steps involving homologous recombination. First, the
suicide plasmid is integrated via a single-crossover event resulting in generation of a merodip-
loid containing the wild-type and mutant allele. Second, the merodiploid state is resolved by
sacB-mediated sucrose counterselection in the presence of gentamicin, resulting in generation
of the illustrated chromosomal deletion mutant. An unmarked mutant is then obtained after Flp
recombinase-mediated excision of the Gm marker (15).



76 Sanschagrin, Kukavica-Ibrulj, and Levesque

12 34

1.5Kb —

0.75 Kb—
0.6 Kb —

Fig. 6. Allelic replacement analysis by PCR. PCR reactions were done as described in
Section 3.5.4 using primers PA2896-UpF-GWL and PA2896-DnR-GWR. Colony PCR was
performed on PAO1APA2896::FRT-Gm-FRT (lane 1), PAO1APA2896::FRT clone A (lane 2),
PAOI1APA2896::FRT clone B (lane 3), and PAO1 wild type (lane 4). The sizes of the expected
PCR DNA fragments are indicated.

by 30 cycles of 94°C for 30s, 56°C for 30s, and 68°C for 30s, and a final extension at
68°C for 10min.

3. The resulting PCR products are purified by agarose gel electrophoresis using QIAquick
gel extraction kit and their concentrations determined spectrophotometrically.

3.5.2. Second-Round PCR

1. A 50-uL PCR reaction contains 50ng each of the PA2896 in 5" and 3’ purified template
DNA and 50ng of FRT-Gm-FRT template DNA prepared during first-round PCR. The
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Fig. 7. Competitive index (CI) analysis of P. aeruginosa STM and knockout mutants obtained
in the rat lung model of chronic infection. The in vivo CIs are calculated as previously described
(2, 26). Each circle represents the CI for a single rat in each set of competitions. A CI of less
than 1 indicates a virulence defect. Dark circles indicate that no mutant bacteria were recovered
from that animal, and 1 was substituted in the numerator when calculating the CI value. The
geometric mean of the CI for all rats in a set of competitions is shown as a solid line. The in
vivo competitive results for each of the tested strains are as follows: STM2895, 0.0092; APA2895,
0.12; APA2896, 2.84; APA5437 (PycR), 0.0000073 (8).
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reaction mix also contains 1x HiFi Platinum Tagq buffer, 2 mM MgSO,, 5% DMSO, 200 uM
dNTPs, and 5 units of HiFi Platinum Taq polymerase. After an initial denaturation at 94°C
for 2min, 3 cycles of 94°C for 30s, 55°C for 30s, and 68°C for 1 min are run without
added primers. The third cycle is paused at 30s of the 68°C extension, primers GW-attB1
and GW-artB2 are added to 0.2uM each, and the cycle is then finished by another 30-s
extension at 68°C. The PCR is completed by 25 cycles of 94°C for 305, 56°C for 30s, and
68°C for S5Smin and a final extension at 68°C for 10 min.

The resulting major PCR product is purified by agarose gel electrophoresis and its
concentrations determined spectrophotometrically. The identity of the PCR fragment is
confirmed by Xbal digestion (each FRT site of the FRT-Gm-FRT fragment contains an
Xbal site).

3.5.3. BP and LR Clonase Reactions

1.

The BP and LR clonase reactions for recombinational transfer of the PCR product into
pDONR221 and pEX18ApGW, respectively, are performed as described in Invitrogen’s
Gateway cloning manual, but using only half of the recommended amounts of BP and LR
clonase mixes and E. coli One Shot MAX Efficiency DH5o-T1".

The presence of the correct fragments in transformants obtained with DNA from either
clonase reaction was verified by digestion with Xbal because each FRT site flanking the
Gm' gene contains an Xbal site.

However, before plasmid isolation from transformants obtained with DNA from the LR
clonase reaction, 25 to 50 transformants were (a) patched on LB+Km and LB+Ap plates
and (b) simultaneously purified for single colonies on LB+Ap plates. This was necessary
to distinguish between those colonies containing only the desired pEX18ApGW-Gene::
Gm from those containing this plasmid and the frequently contaminating pPDONR-Gene::
Gm (pEX18Ap-derived plasmids confer Ap', and pDONR plasmids confer Km").

3.5.4. Transfer of Plasmid-Borne Deletions to the P. aeruginosa Chromosome

An electroporation method is used to transfer the pEX18ApGW-borne deletion

mutations to P. aeruginosa.

1.

2.

Briefly, 6 mL of an overnight culture grown in LB medium was harvested in four micro-
centrifuge tubes by centrifugation (1 to 2min, 16,000 X g) at room temperature.

Each cell pellet was washed twice with 1 mL of room-temperature 300 mM sucrose, and
they were then combined in a total of 100 uL 300 mM sucrose.

For electroporation, 300 to 500 ng of plasmid DNA was mixed with 100 UL of electrocom-
petent cells and transferred to a 2-mm-gap-width electroporation cuvette. After applying
a pulse (settings: 25 uF; 200 ohm; 2.5kV on a Bio-Rad GenePulser), 1 mL of LB medium
was added at once, and the cells were transferred to a polystyrene tube and incubated for
1 h at 37°C.

The cells were then harvested in a microcentrifuge tube. Eight hundred microliters of the
supernatant was discarded and the cell pellet resuspended in the residual medium.

The entire mixture was then plated on two LB plates containing 30ug per mL Gm
(LB+Gm30). The plates were incubated at 37°C until colonies appeared (usually within
24h). Under these conditions, the transformation efficiencies were generally 30 to 100
transformants per (g of DNA.

A few colonies were patched on LB+Gm30 plates and LB+Cb200 plates to differentiate
single- from double-crossover events.
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7. To ascertain resolution of merodiploids, Gm" colonies were struck for single colonies
on LB+Gm30 plates containing 5% sucrose. Gm" colonies from the LB-Gm-sucrose
plates were patched onto LB+Gm30+5% sucrose, as well as LB plates with 200 ug/mL
carbenicillin (LB+Cb200). Colonies growing on the LB-Gm-sucrose but not on the LB-
carbenicillin plates were considered putative deletion mutants.

8. The presence of the correct mutations was verified by colony PCR. To do this, a single
large colony (or the equivalent from a cell patch) was picked from an LB-Gm-sucrose
plate, transferred to 100 L. TE PCR in a microcentrifuge tube, and boiled for 10 min.

9. Cell debris was removed by centrifugation in a microcentrifuge (2min; 13,000 X g), and
the supernatant was transferred to a fresh tube, which was placed on ice.

10. Ten microliters of the supernatant was used as source of template DNA in a 50-uL. PCR
reaction containing Taq buffer, 1.5mM MgSO,, 5% DMSO, 0.6 uM each of the 5" and 3’
primers (PA2896-UpF-GWL and PA2896-DnR-GWR), 200uM dNTPs, and 5 units Hot-
StartTaq DNA polymerase. Cycle conditions were 95°C for 15 min, followed by 30 cycles
of 95°C for 455, 55°C for 30s, and 72°C for 2 min and a final extension at 72°C for 10 min.
PCR products were analyzed by agarose gel electrophoresis.

3.5.5. FIp-Mediated Marker Excision

1. Electrocompetent cells of the newly constructed mutant strain were prepared as described
in the preceding paragraph and transformed with 20ng pFLP2 DNA as described above.

2. After phenotypic expression at 37°C for 1h, the cell suspension was diluted 1:1000 and
1:10,000 with either LB or 0.9% NaCl, and 50uL aliquots were plated on LB+Cb200
plates and incubated at 37°C until colonies appeared.

3. Transformants were purified for single colonies on LB+Cb200 plates. Ten single colonies
were tested for antibiotic susceptibility on LB + Gm30 plates and on an LB+Cb200
plate.

4. Two Gm® Cb" isolates were struck for single colonies onto an LB+5% sucrose plate and
incubated at 37°C until sucrose-resistant colonies appeared. Ten sucrose-resistant colonies
were retested on an LB+5% sucrose (master) plate and an LB+Cb200 plate.

5. Finally, two sucrose-resistant and Cb® colonies were struck on LB plates without antibiotics
and their Cb* and Gm® phenotypes confirmed by patching on LB £ Cb200 and LB = Gm30
plates.

6. Deletion of the Gm" marker was assessed by colony PCR utilizing the conditions and
primers described above.

3.6. Competitive Index Analysis

The competitive index (CI) is a sensitive measure of the relative degree of virulence
attenuation of a particular mutant in mixed infection with the wild-type strain. It is
defined as the ratio of the mutant strain to the wild type in the output divided by the
ratio of the two strains in the input (25, 26). In addition to these studies, it is crucial to
determine the in vitro growth curve of knockouts along with the wild type (in vitro CI)
to confirm that the clones isolated have no bias by having mutations in genes affecting
generation time and growth and in being out-competed by the wild type. Growth curves
from each P. aeruginosa knockout mutant are constructed at 1-h time points for a period
of 18h in TSB broth using serial dilutions of colony-forming units; clones retained
should have the same growth pattern as the wild type. This is the case for the STM and
knockout mutants presented in Figure 7 and prior to estimating the CI analysis in vivo.
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Also, knockout mutants selected will be screened by auxanography on minimal media
to eliminate attenuated strains having growth defects.

It is only after this initial screening that one may estimate the relative pathogenicity
of selected knockout mutants constructed by determination of the competitive infectiv-
ity index test.

Bacterial cells embedded in agarose beads were prepared as described (8, 23), and
the scheme is presented in Figure 4. Male Sprague-Dawley rats of approximately 500 g
in weight are used according to the recommendations of the ethics committee for animal
treatment. The animals are anesthetized using isoflurane; inoculation into the lungs
is done by intubation using an 18-G venous catheter and a syringe (1-mL tuberculin)
containing 120 UL of an agarose bead suspension with a total of 10° bacterial cells.
Seven days after infection, animals are sacrificed; their lungs are removed, and homo-
genized tissues are plated on PIA and MHA agar. The wild-type strain is differentiated
from STM or knockout mutants using Cb resistance encoded by the pUCP19 plasmid
(Note 4).

1. The wild-type strain colony forming units (CFU) are determined on MHA plates containing
Cb. PIA is used to determine total bacterial counts.

2. A colony from a fresh plate is used to inoculate S0mL TSB in a 250-mL Erlenmeyer
flask. A culture from the wild-type strain PAO1 containing the pUCP19 plasmid and
a culture from each mutant strain are grown overnight at 37°C with agitation at
250rpm. Bacterial growth is monitored at an ODy until 1.0 is obtained and which yields
2 x 10'"°CFU/mL.

3. A 200-puL aliquot of the overnight culture is completed to 1 mL with fresh TSB in a 1.5-
mL microtube to give a final concentration of approximately ~1 x 10'°CFU/mL.

4. A 250-uL aliquot of the wild-type strain dilution is mixed with 250 uL. of a mutant strain
dilution and added to 4.5mL of TSB in a 15 X 150 mm culture tube.

5. The 5-mL aliquot is mixed in a 50-mL tube containing 20mL of 2% sterile agarose
(Nusieve GTG; FMC) in 1x PBS at 48°C.

6. The agarose-broth mixture is added to a 250-mL Erlenmeyer flask containing 200 mL of
heavy mineral oil at 48°C and rapidly stirred on a magnetic stirrer in a water bath (setting
500 to 600rpm) on a hotplate stirrer (model M13; Staufen) as depicted in Figure 4.

7. The mixture is cooled gradually with ice chips to 0°C in a period of 5min. The agarose
beads are transferred into a sterile 500-mL Squibb-type separator funnel and washed once
with 200mL 0.5% deoxycholic acid sodium salt (SDC) in PBS, once with 200mL 0.25%
SDC in PBS, and three times with 200mL PBS. The bead slurry is allowed to settle, and
a 50-mL sample was recovered.

8. For the final wash, aminimal volume of approximately 20 mL of bead slurry is recovered.
Agarose beads are incubated in a 50-mL tube on ice, and the remaining PBS is removed
so as to concentrate beads to a final volume of approximately 15mL.

9. Sterile agarose beads are stored at 4°C and can be used for several experiments; bacterial
counts are maintained up to 1 month.

10. One milliliter of bead slurry is diluted in 9mL PBS and homogenized (Polytron), and serial
dilutions are plated on PIA and on MHA supplemented with Cb or Gm. Colony-forming
units are determined after 18h at 37°C and are used to calculate the input ratio of mutant
to wild-type bacterial cells.

11. After the in vivo passage, colony-forming units on plates represent the total number of
bacteria present in the rat lungs. Colonies that grew on MHA+Cb represent the number of
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wild-type PAO1 bacteria. Colonies obtained on MHA+Gm represent the number of mutant
bacteria. Colonies on PIA represent the total number of P. aeruginosa bacterial cells in
the rat lung.

12. The Cl is defined as the CFU output ratio of mutant when compared with wild-type strain,
divided by the CFU input ratio of mutant to wild-type strain (25, 26). The final CI is cal-
culated as the geometric mean for animals in the same group, and experiments are done
at least in triplicate (26). Each in vivo competition is tested for statistical significance by
Student’s two-tailed #-test (26).

The examples that we use here are the STM2895, APA2895, APA2896, and APA5437
(bcxR) (8) for analysis of CI values. As depicted in Figure 7, the STM2895 and
APA2895 have CI values of 0.001 and 0.1, whereas the APA2896 has a CI value of 2.
In contrast, the APA5437 has a CI of 0.00007 when compared with the wild type.

Notes

1. It might be necessary to screen several colonies to find a correct recombinant. It is possible
to pool several colonies to reduce the number of PCRs (17). To bypass the necessity of doing
plasmid preparations, PCR can be done on bacterial cell lysates. One or several colonies are
resuspended in 100uL TE PCR buffer, boiled 10min, and spun down. Ten microliters of
supernatant are used as PCR template.

2. In a defined library, each mutant has the same tag but is assumed to be inserted at a different
location in the bacterial chromosome. Prior to starting STM, Southern blot hybridization is
necessary to confirm the random integration of the mini-TnJ5.

3. Parameters concerning each different animal model should be well defined. The
inoculum size necessary to cause infection determines the complexity of mutants to
be pooled. In fact, each mutant in a defined input pool has to be in a sufficient cell number
to initiate infection. The inoculum size must not be too high, resulting in the growth
of mutants that would otherwise have not been detected. Other important parameters in
STM include the route of inoculation and the time course of a particular infection. Also,
certain gene products important directly or indirectly for initiation or maintenance of the
infection may be niche-dependent or expressed specifically in certain tissues only. If the
duration of the infection is short, genes important for establishment of the infection will
be found, and if the duration is long, genes important for maintenance of infection will be
identified.

4. Each STM attenuated mutant has to be confirmed by a second round of STM screening,
comparisons between in vivo bacterial growth rate of mutants versus growth of the wild type
in single or competitive infections, or estimation of LDs,.
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Whole-Genome Detection of Conditionally Essential and
Dispensable Genes in Escherichia coli via Genetic Footprinting

Michael D. Scholle and Svetlana Y. Gerdes

Summary

We present a whole-genome approach to genetic footprinting in Escherichia coli using Tn5-based
transposons to determine gene essentiality. A population of cells is mutagenized and subjected to outgrowth
under selective conditions. Transposon insertions in the surviving mutants are detected using nested
polymerase chain reaction (PCR), agarose gel electrophoresis, and software-assisted PCR product size
determination. Genomic addresses of these inserts are then mapped onto the E. coli genome sequence
based on the PCR product lengths and the addresses of the corresponding genome-specific primers. Gene
essentiality conclusions were drawn based on a semiautomatic analysis of the number and relative positions
of inserts retained within each gene after selective outgrowth.

Key Words: dispensable genes; E. coli; essential genes; genetic footprinting; genome; TnJ5; transpo-
some; transposon mapping; transposon mutagenesis.

1. Introduction

The transposon-based approach termed genetic footprinting was originally devel-
oped for the identification of genes essential for viability of Saccharomyces cerevisiae
under various growth conditions (1, 2). The first step in genetic footprinting involves
random transposon mutagenesis of a large number of cells to generate a comprehensive
population of insertion mutants. This population must be complex enough to include
several unique mutations per gene in the genome. The second step is competitive out-
growth of the mutagenized population under relevant selective conditions. The final
step includes analysis of individual mutants surviving in the population using direct
sequencing across insertion junctions or various PCR- or hybridization-based tech-
niques. The loss of mutants after selective outgrowth is indicative of the essentiality of
the corresponding gene products under experimental growth conditions.

Various modifications of genetic footprinting have been recently applied in
several microorganisms: Mycoplasma genitalium and Mycoplasma pneumoniae (3),
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Haemophilus influenzae (4, 5), Mycobacterium tuberculosis (6-8), Pseudomonas
aeruginosa (9, 10), Helicobacter pylori (11), Salmonella typhimurium (12), including
several studies in Escherichia coli (13-16). Genetic footprinting experiments reported
in E. coli have utilized mini-Tn/0 mutagenesis in vivo (13, 15) and in vitro mutagenesis
with Tn5 delivered via transposomes (14, 16, 17).

An explosion in the development of in vitro transposition techniques has occurred
within the past decade, thus helping circumvent many limitations of the classic in vivo
approaches. These techniques have also extended the application of transposition tools
to previously genetically intractable microorganisms (for reviews, see Chapter 2 and
Refs. 18 and 19). In vitro transposition systems have been developed based on bacte-
riophage Mu (20); bacterial transposons Tn3 (21, 22), Tn5 (23, 24), Tn7 (25), Tnl0
(26), and Tn552 (27); yeast transposon Ty/ (28); and mariner transposon of insects
(29). Several of these are available commercially as specialized kits for numerous
applications (Note 1).

The use of the in vitro transposome-based strategy of TnJ5 transposition for analysis
of microbial gene essentiality has several advantages over classic in vivo transposon
mutagenesis: (1) only single irreversible insertions are produced because the only
source of transposase activity is within the transposome complex formed in vitro; (2)
there is no requisite to assemble an elaborate transposon delivery system with tight
regulation of replication and transposase expression; and (3) a limit of one insertion
per cell can be achieved based on the ratio of transposome complexes to competent
cells at the time of transformation.

An important aspect of these transposon-based mutagenesis techniques is electro-
poration with preformed transposomes using precleaved transposon DNA in a stable
complex with a modified transposase. This technology was first developed for Tn5 (30,
31) and is now also available for bacteriophage Mu (32). It is based on the discovery
of Tn5 synaptic complex formation whereby cleavage of the transposon DNA by trans-
posase can be separated in time from the actual transposition event (31). This pre-
cleaved transposon DNA forms a stable synaptic complex (transposome) in the absence
of divalent metal ions. Transposomes can then be electroporated into electrocompetent
target cells where they “jump” into genomic (or extrachromosomal) DNA in the pres-
ence of intracellular Mg** (24).

This chapter describes the protocol for an experimental detection of a nearly com-
plete list of the E. coli genes essential and dispensable under specific environmental
and genetic conditions via a transposome-based genetic footprinting technique (14, 17).
Aerobic logarithmic growth in complex rich medium is used as an example.

2. Materials

pMOD EZ::TN<Kan2> (Epicentre Technologies, Madison, WI) or other Tn5 transposon.
Tn5 hyperactive transposase (Epicentre).

Pvu 1I restriction nuclease.

QiaQuick Gel Extraction Kit (Qiagen, Valencia, CA).

Transposome formation buffer: 40mM Tris-acetate (pH 7.5), 100mM potassium gluta-
mate, 0.1 mM EDTA, 1 mM dithiothreitol, and tRNA (0.1 mg/mL).

6. 0.025-uM dialysis filters (Millipore, Bedford, MA).

A
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7. Microcon Centrifugal Filter Device YM-100 (Millipore).

8. Enriched Luria-Bertani (LB) medium composed of 10g tryptone/liter, 5g yeast extract/
liter, 50 mM NaCl, 9.5mM NH,CI, 0.528 mM MgCl,, 0.276 mM K,SO,, 0.01 mM FeSO,,
5x 10™*mM CaCl,, and 1.32 mM K,HPO,. The growth medium also included the following
micronutrients: 3 X 10°mM (NH,)s(Mo0O-),, 4 X 10*mM H;BO;, 3 x 10°mM CoCl,,
10 mM CuSO,, 8 x 10°mM MnCl,, and 10°mM ZnSO; (final concentrations).

9. SOB: 20¢g peptone, 5 g yeast extract, 0.584 g NaCl, and 0.186g KCl in 1 L of distilled H,O
(autoclaved).

10. SOC: Autoclaved SOB plus the following components added separately from filter-
sterilized stock solutions: 10mM MgCl,, 10mM MgSO,, and 20mM glucose (final
concentrations).

11. 15% glycerol (2L; autoclaved).

12. Kanamycin at the final concentration of 10ug/mL.

13. Environmental shaker or fermentor.

14. E. coli genomic DNA isolation kit available from Fermentas (Nahover, MD), Bio-Rad
(Hercules, CA), BD Biosciences-Clontech (Palo Alto, CA), Qiagen (Valencia, CA), or
Sigma (St. Louis, MO).

15. Transposon-specific primers (Section 3.4.2).

16. A set of genome-specific primers (Section 3.4.2).

17. Primer design software: PrimerSelect (DNASTAR, Inc., Madison, WI), Primer3 (http://
frodo.wi.mit.edu/cgi-bin/primer3/primer3.cgi), or NetPrimer (http://alces.med.umn.edu/
websub.html).

18. Advantage cDNA polymerase (Takara Bio-Clontech, Mountain View, CA).

19. Advantage cDNA polymerase buffer (Takara Bio-Clontech): 40 mM Tricine-KOH, pH 9.2,
I5SmM potassium acetate, 3.5mM magnesium acetate, 3.75ug/mL bovine serum
albumin.

20. 10mM deoxynucleotide triphosphates (ANTPs) mixture (10mM each of dATP, dCTP,
dGTP, and ATTP in 10mM Tricine-KOH, pH 7.6).

21. Thermocycler.

22. 0.65% agarose gel in Tris-acetate-EDTA (TAE) running buffer (40 mM Tris-acetate, | mM
EDTA, pH 8.3).

23. 1kb Plus DNA Ladder (Invitrogen, Carlsbad, CA).

24. DNA agarose gel imaging system and analysis software from Kodak 1D Image Analysis
Software (Eastman Kodak, Rochester, NY) or Labworks Software (UVP Inc., Upland,
CA).

3. Methods

The methods below outline (1) strain selection, (2) transposome formation and elec-

troporation, (3) outgrowth of the mutagenized E. coli culture, (4) genetic footprinting,
(5) PCR product size determination, (6) PCR optimization, and (7) whole-genome
mapping and gene essentiality determination.

3.1. Selecting a Strain for a Whole-Genome Transposon
Mutagenesis Experiment

The development of the transposome-based and other transposon mutagenesis

techniques has increased the number of microbial species and strains where gene
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essentiality studies (genome-wide or local) can now be conducted. There are only two
requirements to consider when choosing a microbial strain for the whole-genome gene
essentiality studies: the availability of a complete genome sequence and high efficiency
of electroporation. Genomic sequence data are essential for mapping transposon
insertions and generating genetic footprints. A complete genome sequence, on a single
contig, makes the whole-genome essentiality analysis easier, although incomplete
sequence data can be used as well with appropriate modifications of a mapping soft-
ware. Up-to-date lists of the E. coli strains with complete or nearly complete genome
sequences are maintained by the Enteropathogen Resource Integration Center
(ERIC; http://www ericbrc.org/portal/eric/enteropathogens ?id=enteropathogens); Genomes
OnLine Database (GOLD; http://www.genomesonline.org/); and the National Center
for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/Sites/entrez?
db=genome).

An efficient electroporation procedure is crucial for generating a large-enough mutant
population required to saturate the entire genome with inserts. The actual number of
independent mutants necessary to achieve this goal depends on (1) the genome size of
the microorganism under study, (2) randomness in target choice of a specific trans-
posase utilized (Section 3.2), and (3) variations in susceptibility of different genomic
loci to transposition (Chapter 22). In practical terms, the actual number of independent
insertion mutants required to achieve the desired transposition density can be 5- to 10-
fold higher (when using hyperactive Tn5 transposase) than that estimated from the
genome size alone (Note 2).

Electroporation efficiencies of the wild-type E. coli and recent clinical isolates are
generally much lower than that of laboratory strains. Furthermore, transformation with
transposome nucleoprotein complexes is approximately 10,000-fold less efficient than
electroporation with supercoiled plasmid DNA of similar size. Using the procedure
outlined below, we obtained efficiency of transposome electroporation of 5 x 10" trans-
formants per 1ug of transposon DNA in MG1655 (this number being approximately
50-fold lower than that for the highly transformable lab strain DH10B). Large volumes
of competent cells and transposome reaction mixture are needed to overcome these
limits in electroporation efficiency. Optimization of electroporation efficiency for each
strain of choice is necessary for genome-scale footprinting.

3.1.1. Generating E. coli Electrocompetent Cells

It is important that all labware for competent cell preparation is free of detergents.
This can be achieved by rinsing culture flasks with distilled water on a rotary shaker
for ~15min or by autoclaving all glassware with water to remove residual detergents.
Remove the distilled H,O and use the flasks for solution preparation or cell growth.

1. Inoculate a single colony from a fresh LB plate into a 10-mL culture of SOB broth; incubate
overnight at 37°C.

Meanwhile, 1L of 15% glycerol should be prepared, autoclaved, and stored at 4°C.

Add 10mL overnight culture to 1L (1:100 dilution) of prewarmed (37°C) SOB broth.
Incubate with shaking at 37°C for 2 to 3h to mid-log growth (ODgy, of 0.6 to 0.7).

Chill flask on wet ice for 10 min. Important: Keep cells on ice from this point onward.
Precool the centrifuge and the rotor to 0°C to 4°C.

SANNANE el
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7. Harvest cells by centrifugation at 6000x g at 4°C.
8. Wash pellets twice with 15% glycerol (to remove salts). Be sure to completely resuspend
the cell pellet during each wash.
9. Upon the final centrifugation, resuspend the cells in SmL (or less) of 15% glycerol.
10. Aliquot, flash freeze, and store at —80°C until needed.

The efficiency of electroporation for E. coli strains MG1655 and DH10B should be no
less than 10® and 5 x 10° colony-forming units (CFU) per 1ug of pUCI8 double-
stranded, supercoiled DNA, respectively.

3.2. Transposomes
3.2.1. Commercially Preformed Transposomes

A variety of preformed transposome complexes using hyperactive TnJ5 transposase
(Note 3) and transposons with different selection markers can be purchased from
Epicentre Technologies. However, for a genome-scale transposition experiment in a
strain with low electroporation rates (when large transposome quantities are required),
the purchase of commercial transposomes can be costly. We recommend the following
procedure for generation of transposomes in vitro using transposon DNA and hyper-
active Tn) transposase available in bulk from Epicentre.

3.2.2. Design of an Attificial Transposon for Genetic Footprinting

Practically any DNA fragment over ~200bp in size flanked by the 19 bp mosaic end
(ME) sequences (Fig. 1) can be used to form a transposome (23, 33). Plasmids contain-
ing a variety of artificial transposons can be purchased or created in the lab using a
transposon construction vector (e.g., pMOD<MCS>; Fig. 1B, C). Options for custom
transposon-containing plasmids include an optimal selectable marker conferring anti-
biotic resistance at a single copy per genome, primer annealing sites, or promoter
sequences (Note 4), which can be inserted between the two ME sequences. Two Pvu
II restriction sites flank the ME sequences in pMOD<MCS> vectors to allow for precise
release of the transposon DNA: CAG*"CTGTCTCTTATACACATCT (Pvu 1T site is
in bold, ME sequence is underlined).

3.2.3. Preparation of Transposon DNA

Precleaved transposon DNA can be generated by restriction enzyme digestion of an
appropriate plasmid or by PCR amplification. In the former case, it might be necessary
to passage the plasmid through the E. coli strain to be mutagenized to avoid restriction-
modification incompatibility during transposition. In either case, it is very important
that generated transposon DNA molecules have perfectly blunt ends with no additional
bases past the MEs. For this reason, the use of PCR primers annealing outside the ME
sequences with subsequent Pvull digestion of PCR products is recommended (Note 5).
Preparation of the EZ::TN<KAN-2> transposon DNA (Epicentre) is described below
as an example.
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Fig. 1. Maps of Tn5 transposon—related DNA and plasmid. (A) Map of Tn5<KAN>™ DNA
flanked by mosaic ends (ME) for transposase 7n5 attachment. (B) Plasmid map of pMOD-
2<MCS>™., (C) Map of pMOD™-2<MCS> multiple cloning site flanked by ME and Pvull
sites. (Reproduced with kind permission from Epicentre Product Literature #145: EZ-Tn5™
pMOD™-2<MCS> Transposon Construction Vectors, 2005. © 2005 Epicentre Technologies
Corporation. All rights reserved.)
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Transposon DNA is released by Pvu II digestion of plasmid DNA or PCR products.

2. Transposon DNA is gel-purified using the QIAquick gel extraction columns as recom-
mended by the manufacturer.

3. Transposomes are preformed by incubating EZ:: TN<KAN-2> transposon DNA (7ng/uL;
8.9nM) with hyperactive Tn5 EZ::TN transposase (0.1 U/uL; 0.1 uM; Epicentre) in a solu-
tion containing 40 mM Tris-acetate (pH 7.5), 100 mM potassium glutamate, 0.1 mM EDTA,
I mM dithiothreitol, and tRNA (0.1 mg/mL). Optimal transposase:DNA molar ratio is
about 9:1 (Note 6).

4. Samples are incubated for 1h at 37°C and dialyzed against the 10mM Tris-acetate, pH
7.5, 1mM EDTA buffer on 0.025-um filters for 30 to 60 min.

5. Dialyzed samples are mixed with electrocompetent cells as described in Section 3.2.4.

3.2.4. Electroporation of E. coli with Transposomes

A low concentration of transposon DNA is required for efficient transposome forma-
tion. This results in large sample volumes for electroporation. Reaction mixtures can
be concentrated prior to electroporation using the Microcon Centrifugal Filter Device
YM-100 (Millipore). Alternatively, highly concentrated electrocompetent E. coli cells
are prepared and mixed with dialyzed transposome reactions in a 2: 1 (v/v) cells: trans-
posome mix ratio. Cells are transformed using an Eppendorf electroporator 2510 at
2.4-kV field strength, 600-Q2 resistance (fixed), and 10-yF capacitance (fixed). Cultures
are immediately diluted with the medium prepared for outgrowth (Section 3.3) minus
antibiotic and incubated at 37°C for 40 min with gentle agitation (150 rpm). Serial dilu-
tions of recovered cells are plated to quantitate the total number of independent inser-
tion mutants obtained. Recovered transformants can be stored as aliquots in 20%
glycerol for future use (Note 7) or immediately subjected to outgrowth.

3.3. Outgrowth of the Mutagenized Population

Design of the outgrowth conditions is central to a genetic footprinting experiment
and largely determines which genes will be identified as essential. Whereas inactivation
of some genes will be lethal under any growth conditions (“essential for survival”
genes), others will switch their essentiality depending on conditions during outgrowth
(conditionally essential genes). Genes essential for survival have been traditionally
assayed by testing for mutant colony formation on solid complex medium. However,
many more growth conditions can be designed for analysis of gene essentiality, includ-
ing propagation in various defined minimal or complex media (solid or liquid), growth
under different stresses, survival in animal models of infection (for pathogenic E. coli
strains), and so on. For example, we have determined a minimal set of genes required
for E. coli aerobic logarithmic growth in complex medium with a special emphasis on
essential genes in vitamin and cofactor biosynthetic pathways (14, 17). In this study,
outgrowth of the mutagenized population was conducted in complex LB-based liquid
media (Note 8) supplemented with vitamin and cofactor precursors that are readily
salvaged by the cells:

1. After electroporation, the mutagenized population was inoculated in a BIOFLO 2000
fermentor into 900 mL of preheated media (described in Section 2).
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2. Throughout the fermentation, temperature was held at 37°C, dissolved oxygen was held
at 30% to 50% saturation, and the pH was held at 6.95 via titration with 5% H;PO,.

3. Cells were grown in batch culture for 23 population doublings (12h) to a cell density of
1.4 x 10° (Note 9 and Chapter 24). Genomic DNA was isolated and used to generate
genetic footprints.

3.4. Footprint Generation: Detection of Surviving Mutants
3.4.1. Purification of Genomic DNA (gDNA)

Genomic DNA isolation kits are commercially available from Fermentas (Nahover,
MD), Bio-Rad (Hercules, CA), BD Biosciences-Clontech (Palo Alto, CA), Qiagen
(Valencia, CA), Sigma (St. Louis, MO), and other companies. An alternative large-
scale genomic DNA isolation protocol is suggested below.

1. Using cell pellets from 500 mL of cell culture, add 40 mL of resuspension buffer (10 mM
Tris HCL, pH 7.5, ImM EDTA, 1ug/mL RNaseA) to resuspend the cells.

2. Add lysozyme to a final concentration of 2 to 5mg/mL and incubate for 30 to 40min in a
water bath with occasional gentle mixing.

3. Add Proteinase K (150 to 200 pg/mL final concentration) plus SDS (0.5% to 2.0% final),
and incubate for 1 to 2h at 55°C. Incubate longer if necessary.

4. Add 0.5 volume of phenol; mix gently for at least 10 to 15 min.

5. Centrifuge at 10,000rpm for 15min at 15°C. It is important to use wide-bore pipette tips
to reduce the shearing of genomic DNA.

6. Extract with phenol:chloroform mix (1:1) several times (3 to 5 times) until no white
interphase is visible.

7. Extract once with 1 volume chloroform.

8. Add 1/10 volume of 3M NaAc, mixing well before adding 1.5 volume of 100% ethanol.
Mix gently and notice the strings of DNA precipitate out of solution.

9. Take out the “knot” of DNA with a pipette tip.

10. Gently rinse the DNA in 70% ethanol and place in a solution of 70% ethanol for storage.

3.4.2. Detection of Transposon Insertions Using Nested PCR

A nested PCR approach is useful in reducing artifacts in detection of transposon
insertions. This approach utilizes two pairs of primers, which are used consecutively,
with the second pair of primers nested within the first (Fig. 2). Each primer pair contains
one universal transposon-specific primer and one chromosome-specific primer.
Chromosome-specific primers can be designed as an ordered set of unidirectional
primer pairs covering the entire E. coli genome or any given region of it (Note 10).
Multiple strategies of positioning genomic primers can be envisioned. One approach
uses primer pairs covering large, contiguous genomic regions separated by approxi-
mately 3500bp (Note 11 and Fig. 2A), while primers within each unidirectional pair
are separated by the shortest possible distance in the range of —3 to 900bp. An average
primer is 27 nt long with annealing temperature of 68°C to 72°C. Transposon-specific
primers are chosen to avoid any significant similarity with the E. coli chromosome,
using PrimerSelect software (DNASTAR) or Web-based primer design software such
as Primer3 or NetPrimer (Section 2).



Whole-Genome Approach to Genetic Footprinting in E. coli 91

-3 bp to 900 bp
A.
L ~3500 bp "
ST it L3
—] A >—1 B >—| C >| D >—| E >
Internal genomic Tn insert address
B primer address 1*
Y Vil Rt
v T >l B % Transy @:>| C > D >—E.
ME © v ME
External PCR product
Internal PCR product
——
offset

Fig. 2. Detection and mapping of transposition events by two-step nested PCR. (A) Primer
design: genomic landmark primer pairs (shown as gray tandem arrows) are spaced on average
by ~3500 bp, covering the entire genome, with =3 (overlap) to 900bp between the primers in
each pair. (B) Mapping transposition events by nested PCR. Each PCR reaction (“external” and
“internal”) utilizes one genomic (gray arrow) and one orientation-specific transposon (black
arrow) primer with the second “internal” pair of primers nested within the first.

Two pairs of nested, outwardly directed transposon-specific primers (one at
each end) are used to detect transposons inserted in both orientations (Fig. 2B). Using
EZ::TN<KAN-2> as an example, the “forward” primer pair includes an external
primer, 5-GTTCCGTGGCAAAGCAAAAGTTCAA-3’, and an internal primer,
5-GGTCCACCTACAACAAAGCTCTCATCA-3'. The “reverse” primer pair includes
an external primer, 5-CCGACATTATCGCGAGCCCATTTAT-3’, and an internal
primer, 5-GCAAGACGTTTCCCGTTGAATATGGC-3’. The composition of the PCR
reaction mixtures is described in Table 1 and cycling conditions are described in
Table 2.

Table 1
Composition of the PCR Reaction Mixtures
Amount in external Amount in internal
Components PCR mix PCR mix
DNA template 0.3ug* 10°-fold dilution of external
PCR mix
dNTPs (10mM each) 0.2mM 0.2mM
Advantage 10x reaction buffer 2.0uL 2.0uL
Genomic primer 0.4mM external 0.4mM internal
Transposon primer 0.4mM external 0.4mM internal
50x Advantage cDNA 0.4puL 0.4puL
polymerase mix
Distilled H,O to 20 L final volume to 20 L final volume

*Equivalent of 6 X 107 E. coli genomes.
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Table 2

Touchdown PCR Reaction Conditions

Scholle and Gerdes

Description

External PCR

Internal PCR

Hot start
Cycle 1

Number of cycles:

Cycle 2

Number of cycles:

Cycle 3

Number of cycles:

Final extension

95°C for 1 min
94°C for 12s
70°C for 6 min
2

94°C for 12s
69°C for 6 min
2

94°C for 12s
68°C for 6 min
36

68°C for 6 min

95°C for 1 min
None

94°C for 12s
69°C for 6 min
2

94°C for 12
68°C for 6 min
9

68°C for 6 min

3.4.3. Agarose Gel Imaging and PCR Product Size Determination

PCR products from the second, nested, or “internal” reactions are size-separated and
visualized on 0.65% agarose gels in the presence of a linear DNA ladder (Note 12 and
Fig. 3A). Gel electrophoresis should be optimized for DNA loading amounts and
running time to obtain separation that is suitable for precise PCR product length deter-
mination. PCR products appear as discrete bands, and nondiscrete bands (fuzzy or low
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Fig. 3. Agarose gel electrophoresis and semiautomatic size determination of PCR products.
(A) Internal PCR products are size-separated on 0.65% agarose gels in the presence of 1-kb
linear DNA ladder (“m” lanes). (B) The Kodak 1D Gel Analysis Software is used to compare
mobility of the PCR products in experimental lanes to that of the ladder for automatic size

determination.
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intensity when stained with ethidium bromide) may indeed be PCR artifacts. The sizes
of discrete bands (in bp) are measured using software programs, available for gel image
analysis, for example, from Labworks Software (UVP Inc., Upland, CA), Kodak 1D
Image Analysis Software (Eastman Kodak, Rochester, NY), or other companies. Bands
(PCR products) are called in the experimental gel lanes and compared with bands called
in the molecular marker lane (Fig. 3B). These programs also generate text files that
contain the information on a given lane or a gel.

3.4.4. Calculating Transposon Insertion Addresses

Each transposon insertion address is determined using a chromosomal location of
the corresponding internal genomic primer and the offset of the 5’ position of the inter-
nal transposon-specific primer (Fig. 3B). The offset (fixed for a given Tn-specific
primer pair) refers to the distance (in bp) between the Tn5 mosaic end (ME) and the
5" end of the internal primer (Fig. 3B). The insertion addresses can be calculated en
masse in Excel as follows:

[Internal genomic primer address] + [Nested PCR product size] —
[Internal Tn primer offset] = Tn insert address

Table 3 illustrates these calculations for a sample genomic primer address
(123,456 bp). Note that each genomic primer is used for detecting and mapping inser-
tions of both transposon orientations within each ~3500-bp window.

3.4.5. Optimization of Experimental Conditions for Low-Noise Detection of
Transposon Insertions

Reaction conditions can be optimized for detection of the maximum number of
inserts while keeping the level of noise introduced by PCR low using a small set of

Table 3

Calculating Chromosomal Addresses of Transposon Insertions

Internal genomic Internal Tn primer offset (bp)

primer address Internal PCR Tn insert address
(bp) product size (bp) Forward primer Reverse primer (bp)
123,456 200 100 123,556
123,456 351 100 123,707
123,456 690 100 124,046
123,456 1131 100 124,487
123,456 2345 100 125,701
123,456 205 167 123,494
123,456 233 167 123,522
123,456 709 167 123,998
123,456 1198 167 124,487

123,456 2479 167 125,768




94 Scholle and Gerdes

control genes with known essentiality. First, the minimal amount of template genomic
DNA that contains a representative mix of all mutant chromosomes and consistently
yields reproducible patterns of bands in a PCR reaction should be determined (e.g.,
0.3ug of DNA is equivalent to 6 x 10" E. coli genomes). Second, the products of an
external and the corresponding internal PCR reactions can be analyzed on an agarose
gel side by side. This comparison is used as a guide for optimizing PCR parameters
(such as cooling rate, number of cycles in external vs. internal PCR, and dilution rate
of external PCR products) in order to minimize the number of false products, namely
internal PCR bands lacking the corresponding external PCR product. Third, a number
of internal PCR bands can be gel-purified and sequenced and the calculated insert loca-
tions compared with sequencing results. In our hands, the mapping error determined in
this manner amounted to approximately 4.5% of the size of each PCR band.

3.5. Genomic Mapping of Transposition Events and Determination of
Gene Essentiality

3.5.1. Genomic Mapping of Transposition Events

Positions of transposon insertions calculated as described above can be mapped onto
a chromosomal map either manually or semiautomatically using a software program to
compare insert locations with addresses of protein-coding genes and nontranslated
RNAs. An example output of a simple program developed in our group is presented in
Table 4. While a simple table similar to the one shown in Table 4 can be sufficient
for making essentiality calls, a graphic output (see Fig. SA-D) simplifies this task.
However, more elaborate software is needed to support this feature.

3.5.2. Assessment of Conditional Gene Essentiality Based on Genetic
Footprinting Data

Gene (non)essentiality assertions are made based on analysis of the number and rela-
tive positions of inserts within each gene after selective outgrowth as well as the relative
intensity of electrophoresis bands corresponding with each transposition event. Reten-
tion of multiple inserts generally identifies a gene as dispensable under conditions
tested. Failure to recover inserts or the presence of only a limited number of inserts at
the very ends of a coding sequence suggests that a gene is essential under specific
growth conditions (Fig. 4). Gene essentiality conclusions can be generated manually
or semiautomatically. In the latter case, automatic calls should be manually confirmed
or corrected at least for “borderline” cases (ORFs containing a single insert or with
inserts close to 5" or 3" ends). A few guidelines on assertion of conditional gene essen-
tiality are given below.

3.5.3. ORFs Asserted as Undetermined

ORFs are excluded from essentiality analysis if no reliable PCR data can be obtained
for the corresponding region of the E. coli chromosome for technical reasons, such as
PCR failure, nonspecific primer annealing in areas of DNA repeats, or insufficient
length of generated PCR products. The latter case is illustrated in Figure SA. This
problem may be due to simultaneous synthesis of an excessively large number of PCR
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Table 4 g
Example Output of the Transposition Mapping Software )
>

Well Insert location relative Band %

ORF number Primer address Calculated insert address to (amino acids) ORF intensity é
RE B0795 HAS BANDS Periplasmic component efflux system S
E.03 Pr828620i Escherichia_coli_K12_829,147 Outside ORF — 0.076 S

E.03 Pr838620i Escherichia_coli_K12_829,111 Inside ORF 84 0.062 @

E.03 Pr838620i Escherichia_coli_K12_828,996 Inside ORF 199 0.196 2

E.03 Pr838620i Escherichia_coli_K12_828,709 Inside ORF 486 0.304 =

E.02 Pr825051i Escherichia_coli_K12_828,573 Inside ORF 622 0.069 Ry

REC0076 RhIE HAS BANDS ATP-dependent RNA helicase S
E.03 Pr828620i Escherichia_coli_K12_830,130 Inside ORF 35 0.272 g

E.03 Pr828620i Escherichia_coli_K12_830,167 Inside ORF 72 0.053 3

E.03 Pr828620i Escherichia_coli_K12_830,435 Inside ORF 340 0.134 o%

REC0075 B0791 NO BANDS Hypothetical protein =)
REC04633 YbiA NO BANDS Hypothetical cytosolic protein m
o

©)

Detected transposition events are organized and listed according to an ORF they have occurred at (or near). The first line in each group of entries is a summary
containing an automatic assessment of an ORF’s fate (“has bands,” “no bands,” or “not covered”) as well as an ORF name, b-number, and predicted function.
If any insertions have been mapped within an ORF, a detailed description of each transposition event is given, including a chromosome address and a well
number of the landmark primer used in detection, a calculated insert address, insert location within the ORF (in amino acid residues from the start codon), and

the relative intensity of the corresponding electrophoretic band.

$6
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Fig. 4. Genetic footprinting for detection of essential and dispensable genes. Blank regions
on electrophoresis gels correspond with DNA regions retaining no insertions after selective
outgrowth, implicating the genes located in such loci as potentially essential. Diamonds indicate
transposon insertion points as calculated by PCR product length.

products in a particular reaction, higher local GC content, stable secondary structure of
PCR intermediates, and so on.

3.5.4. ORFs Asserted as Essential

All ORFs of sufficient length (Note 13) free of inserts can be asserted as essential
if located in regions for which reliable PCR data were obtained. In addition, genes with
only a few insertions within the 3’-most 20% or 5’-most 5% of the gene can be con-
sidered essential because in many cases these insertions were found to be nondisruptive
(2, 5, 14). Examples of essential genes (ORFs 4 through 7) are shown in Figure 5A,
B. It should be kept in mind that the lack of insertions within an ORF may be due to
reasons other than essentiality (for detailed discussion, see Refs. 14, 15, 34), such as
“cold spots” for transposition or polar effects, when insertions into a dispensable gene
are selected against due to their disruptive effect on the transcription of a downstream
essential gene.

3.5.5. ORFs Asserted as Nonessential (Dispensable) Under
Experimental Conditions

A gene with one or more insertions located within 5% to 80% of its coding length
should be considered nonessential (see ORFs 10, 14, and 15 in Fig. 5C, D), except for
relatively long ORFs (>1000bp). The latter are potentially essential genes with a few
regions where insertion can be tolerated, especially if insertion density within the
coding sequence is significantly below local average (examples are ORFs 11 and 12 in
Fig. 5D). Correct essentiality assertions are notoriously difficult to make in such cases
(15, 34). Another likely source of erroneous “dispensable” assertions is proteins con-
sisting of two or more independently functioning domains. For example, inserts may
be tolerated within the 3’ region of a corresponding gene if the C-terminal domain of
a protein is associated with a dispensable function. This may occur even when a func-
tion associated with the N-terminal domain is genuinely essential (as with FtsX [14]).
Assertion of ftsX as nonessential will result in missing the essential function encoded
by its 5" portion.
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3.5.6. ORFs Asserted as Ambiguous

ORFs were asserted as ambiguous if the experimental evidence was insufficient to
make specific conclusions about essentiality. These cases are different from those ones
classified as “undetermined,” where no experimental data were obtained for technical
reasons. Assertion failure in cases of “undetermined” ORFs may be technical in nature,
and repeating PCR amplification or gel electrophoresis can improve the situation. In
cases of ambiguous ORFs, assertion failures are likely due to underlying biological
reasons and are harder to resolve. Examples of “ambiguous” essentiality assessments

A. Undetermined B. Essential

area not covered by PCR analysis

I l
p— g ORF1  ORF2 Dbkl AT ORF 5 oY

primer |
primer 2

ORF 6 ORF8

— Tt e I

ORF 7

*
*

ORF3 ORF4

primer 3
primer 4

C. Non-essential D. Ambiguous

ORF 9 ORF10

ORF 15 m
—I ——fewneewe ool 4

ORF 14 ]:RFII OR: 12

Fig. 5. Assessment of conditional gene essentiality based on genetic footprinting data. (A-D)
Examples of graphic output of the transposition mapping software. In each panel, large hori-
zontal arrows indicate the length and direction of predicted open reading frames. Positions of
landmark PCR primers are shown by bows crossing the chromosome. Black diamonds represent
detected transposon insertions. The width of each diamond corresponds with a mapping error
introduced by gel electrophoresis (generally equal to ~4.5% of the size of each PCR product).
Note that mapping errors (diamond widths) are small for inserts located in the immediate vicinity
of each primer but grow as the distance from a primer increases. The vertical line associated
with each diamond shows a relative intensity of the corresponding electrophoretic band. (A)
ORFs 1 and 2 were asserted as undetermined due to insufficient length of PCR products obtained
with landmark primer 1. The longest PCR product originating from primer 1 is significantly
shorter than the distance between landmark primers 1 and 2. Conversely, the region between
primers 3 and 4 was “covered” in its entirety because the longest PCR products (marked
by asterisks) originating from primer 3 are longer than the distance between primers 3 and 4.
(B) Examples of ORFs asserted as essential under experimental conditions. (C) Examples of
ORFs asserted as dispensable under conditions tested. (D) ORFs 11 and 12 were asserted as
ambiguous.
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(Fig. 5B, D) may include (1) ORFs shorter than an average distance between transposi-
tion events (ORF 9), (2) relatively long ORFs with a single insertion (ORFs 11 and
12), and (3) ORFs containing only inserts corresponding with PCR products of low
intensity (ORF 8).

The success rate of any high-throughput genome-scale project is never 100%.
Unavoidably, a number of ORFs will lack informative essentiality assertions upon
completion of the genetic footprinting procedure described here; however, this does
not undermine the value of simultaneous determination (under uniform growth condi-
tions) of conditional essentiality for the vast majority of E. coli ORFs that this approach
can provide with a relatively low investment of time and money.

Notes

1. Epicentre Technologies (Madison, WI) carries the largest selection of Tn5 and Mu-based
transposition tools specialized for various purposes, including transposon construction
vectors and transposon insertion kits. Bacteriophage Mu—based transposition products can
also be purchased from (1) Finnzymes (Espoo, Finland): MuA Transposase, Entrance-
posons, transposon construction vectors, transposition kits; and (2) Invitrogen (Carlsbad,
CA): GeneJumper Kits. Tn7-based reagents can be obtained from NEB (Beverly, MA):
TnsABC Transposase and Transprimer Kits.

2. For the E. coli K-12 MG1655 (with the genome size of 4,639,221 bp), the 10° independent
mutants (generated and analyzed in [17]) should result in the average insertion density of
1 per 46bp. However, only 1.8 x 10* distinct insert locations were experimentally detected
in the E. coli chromosome (average density of 1 insert per 258 bp). This discrepancy was
apparently due to slight preferences in target sequence recognition by the modified Tn5
transposase and can be used as a numerical measure of such bias. In this experiment, there
was only ~sixfold difference between the observed insertion density and the density expected
from completely random transposition. Increased insertion density around the E. coli chro-
mosomal origin of replication (oriC) and slightly lower density near the terminus (dif) may
have contributed to this bias (17). The mean insertion density of 1/258bp corresponded
with 3.9 inserts per ORF (for an average E. coli ORF size of ~1kb), allowing unambiguous
essentiality assessments for 87% of E. coli ORFs.

3. The Tn5 transposase supplied by Epicentre is a hyperactive triple mutant of the wild-type
enzyme. The introduced mutations (E54K, M56A, L372P) along with modifications of the
19-bp transposase recognition sequences have enhanced transposition efficiency approxi-
mately 1000-fold compared with that of the wild-type Tn5 (23, 35).

4. Custom or artificial transposons designed with outward-directed promoters may alleviate
potential polar effects on expression of downstream genes. However, we have found this
to be unnecessary in E. coli. In numerous cases, viable EZ::TN<KAN-2> insertions were
detected upstream of known essential genes, even though no specific promoter sequence
was added to its structure (14). This apparently reflects the fact that the EZ:: TN<KAN-2>
element inserted in either orientation is capable of initiating a level of transcription sufficient
for survival in many cases. Similar observations were made for the Ty1 transposon by Smith
and co-workers (2).

5. Taq DNA polymerase adds 3" A overhangs to a significant fraction of PCR products. The
use of enzyme cocktails containing a proofreading thermostable DNA polymerase for PCR
amplification of transposon DNA, although helpful, does not completely eliminate this
problem.
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10.

11.

Concentrations of the transposon DNA and transposase in the reaction mix as well as the
transposase/DNA molar ratio have a tremendous effect on transposition rates and have to
be carefully optimized for each new batch of DNA and transposase. Numbers given here
should be used merely as a starting point for optimization. Reaction conditions should favor
formation of monomer transposome complexes, when the two transposase subunits bound
to the ME sequences of the same DNA molecule dimerize preferentially, causing DNA
circularization via synaptic complex formation. Incubation at higher DNA concentrations
leads to formation of multimers via dimerization of transposase subunits bound to different
DNA molecules. Multimers are not active in electroporation and cause inherent loss of
transposase.

A single cycle of freezing and thawing of E. coli cells results in a minimum five-fold reduc-
tion in titer, equivalent to 80% loss of mutagenized library. For this reason, we prefer to
prepare a new population of insertion mutants for every experiment. However, it is recom-
mended that a fraction of every mutagenized population is frozen and stored as a “time
zero” control sample (prior to outgrowth).

. Selective properties of liquid culture differ significantly from that of solid media. Growth

of a complex mutant population in liquid may lead to rapid loss of nonlethal mutants with
merely retarded growth rates due to competition with faster growing cells, whereas on solid
media the same variants can be capable of forming colonies, albeit slower. This may give
rise to “overcalling” essential genes. Conversely, cross-feeding in a complex mutant popula-
tion, especially at higher cell densities, can complement potentially lethal mutations and
may lead to missing essential ORFs. Nonetheless, we opted for selective outgrowth in liquid
medium due to the fact that it allows genetic dissection of particular cellular processes
and/or growth phases, unattainable during testing “for colony formation.” For example,
using strictly controlled growth in liquid media genes essential for logarithmic growth can
be assayed independently of genes required for survival in stationary phase, or influence of
such factors as partial oxygen pressure or pH on viability can be assayed. In addition, growth
conditions within a colony (as opposed to liquid growth) are non-uniform, which may
complicate interpretation of results. In any case, specifics of the outgrowth conditions
should be considered during the interpretation of genetic footprint results.

The minimal number of population doublings necessary to reduce the titer of cells with
insertions in core essential genes beyond detection level was determined in a pilot study.
Longer outgrowth will lead to disappearance of mutants with less severe growth defects.
Each mutant growth rate is inversely proportionate to duration of the outgrowth required
for its complete disappearance from the population.

Primer3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3.cgi) software was used to design
a set of >1200 unidirectional primer pairs covering the entire E. coli genome. To simplify
this task, a software program can be written to automate the input of E. coli genomic
sequences into Primer3 and for sorting and formatting the output. The designed primers
can also be arrayed in 96-well format, thus allowing robotics-assisted PCR and reagents
preparation. Each primer pair is assigned a unique name (chromosomal address of the 5
end of the internal landmark primer) and a plate/well number. Internal and external primers
in each pair can be distinguished by an additional letter and grouped in different plates (“e”
and “i” plates). To streamline a genome-scale footprinting project, most of the steps should
be performed in the same 96-well format, starting with primer design and ordering and
including PCR reactions, gel electrophoresis, and calculation of insert addresses.

The optimal distance between landmark primers is determined by an average density of
insertions and by PCR reaction conditions. Simultaneous synthesis of an excessive number
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12.

13.

of products in each PCR reaction sample may lead to reduced amplification of each specific
product (especially longer ones), undermining their detection and analysis on electro-
phoretic gel images. In addition, polymerase cocktails used in various PCR Kkits differ by
their ability to amplify DNA fragments longer than a few kilobases. In our experience, PCR
products of no longer than 3500 bp in length could be reliably generated and detected (with
12 independent PCR products generated per reaction on average).

Useful linear DNA ladders should have multiple fragment sizes. Ideally, the low-molecular-
weight fragments should have 50- to 100-bp gradations whereas larger fragments have
~1000-bp gradations. The 1-kb Plus DNA Ladder (Invitrogen) was used in published
whole-genome footprinting studies (14, 17) for accurate size determination of PCR
products.

Lack of insertions in relatively short ORFs (250 to 300bp long), consistently interpreted
here as an indication of gene essentiality, can in fact be accidental as the average density
of detectable transposon insertion is 1 per 258 bp.
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Generating a Collection of Insertion Mutations in the
Staphylococcus aureus Genome Using bursa aurealis

Taeok Bae, Elizabeth M. Glass, Olaf Schneewind, and
Dominique Missiakas

Summary

Staphylococcus aureus is the leading cause of wound and hospital-acquired infections. The emergence
of strains with resistance to all antibiotics has created a serious public health problem. Transposon-
based mutagenesis can be used to generate libraries of mutants and to query genomes for factors
involved in nonessential pathways, such as virulence and antibiotic resistance. Ideally, such studies
should employ defined and complete sets of isogenic mutants and should be conducted so as to permit
acquisition and comparison of the complete data sets. Such systematic knowledge can reveal entire
pathways and can be exploited for the rational design of therapies. The mariner-based transposon, bursa
aurealis, can be used to generate random libraries of mutants in laboratory strains and clinical isolates of
S. aureus. This chapter describes a procedure for isolating mutants and mapping the insertion sites on the
chromosome.

Key Words: bursa aurealis; Himar 1 transposase; mariner; mutagenesis; Staphylococcus aureus;
transposon library; temperature sensitive.

1. Introduction

The 2.7- to 2.9-Mbp genomes of several different Staphylococcus aureus strains
have been sequenced, revealing large variability in size and gene content. The staphy-
lococcal genomes encode between 2550 and 2870 genes (I-3). Over the past several
decades, reverse genetic approaches have often been utilized to identify and character-
ize metabolic and biosynthetic pathways as well as virulence factors such as secreted
toxins, surface proteins, or regulatory factors (4-6). Allelic replacement has been used
extensively in this reverse genetic approach to generate mutations in chromosomal
genes (7). To achieve this goal, mutated alleles of target genes are cloned into plasmids
carrying replication-defective conditional mutations. Often, the mutated alleles corre-
spond with gene deletions, frameshifts, or insertions of antibiotic resistance cassette.
Under nonpermissive conditions, such plasmids integrate into the chromosome via
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homologous recombination yielding merodiploid cells harboring both wild-type and
mutant alleles (8). Plasmid resolution is achieved by growing cells under permissive
conditions (8). Without markers for counterselection of the plasmid, allelic replacement
with plasmid loss can be a very rare event that involves extensive screening and often
several weeks or months of work (9). Thus, inserting an antibiotic marker in target
genes is recommended for screening purposes (8). Transposon mutagenesis has been
very useful in isolating larger collections of mutants. Tn9/7 and signature-tagged
mutagenesis were used to identify staphylococcal virulence factors (10, 11). Libraries
of 1248 or 1520 randomly chosen (nonsequenced) transposon insertion mutants of
S. aureus were analyzed in animal infections with mixed populations to reveal a com-
petitive disadvantage of individual variants. Recently, we isolated 960 mutant variants
with transposon Tn917 and 10,325 with bursa aurealis. The sites of individual trans-
position events were examined by inverse polymerase chain reaction (PCR). This
analysis revealed that, as expected, insertion of bursa aurealis into target DNA gener-
ates TA duplications at the insertion site, but unlike Tn917, bursa aurealis does not
exhibit sequence preference in the genome (12). This analysis also suggested that
Tn917-based libraries of 1248 or 1520 mutants examine only about 20% of the genes
in the staphylococcal genome. Gene functions of S. aureus have also been examined
using antisense RNA technology (Refs. 13 and 14 and Chapters 19 and 20). By cloning
gene fragments in reversed orientation under control of an inducible promoter, the
ability of antisense RNA sequences to interfere with S. aureus growth on agar plates
was used to identify genes essential under these conditions. Two independent studies
identified a total of 350 essential genes with a 30% overlap (13, 14). However, 110 of
these presumed essential genes could be disrupted by bursa aurealis, suggesting that
many of these assignments may not be correct (12). Although bursa aurealis does not
allow the identification of essential genes, its ability to insert randomly allows for
extensive and exhaustive studies of staphylococci biology.

2. Materials

pBursa, the transposon encoding plasmid.

pFAS545, the transposase encoding plasmid.

S. aureus strains RN4220 and Newman.

Tryptic soy broth (TSB) and tryptic soy agar (TSA).

Chloramphenicol, erythromycin, and tetracycline antibiotics used at the following final

concentrations 5, 10, and 2.5 ug/mL, respectively.

Incubators for plates and liquid cultures (30°C, 37°C, 43°C).

Centrifuge and microcentrifuge.

Dry ice/ethanol bath.

Electroporation equipment.

Lysostaphin (AMBI Products LLC, Lawrence, NY): The stock solution is prepared as a

2mg/mL in 20 mM sodium acetate, pH 4.5, and kept frozen at —80°C or at 4°C for 4 weeks.

The working solution is prepared in TE buffer (10mM Tris-HCI, 1 mM EDTA, pH 8.0)

and contains lysostaphin at a final concentration of 0.1 mg/mL.

11. Sterile freezing solution for long-term storage of bacterial strains at 80°C: 5% monosodium
glutamate, 5% bovine serum albumin.

12. TSM buffer: S0mM Tris-HCI pH 7.5, 0.5M sucrose, 10 mM MgCl,.

Al
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13. RNase (Sigma, Saint Louis, MO): Kept as a solution at 4 mg/mL in water, kept at 4°C for
4 weeks.

14. Agarose gel electrophoresis equipment.

15. Wizard Genomic DNA purification Kit (Promega, Madison, WI).

16. Oligonucleotide primers Martn-F (5’-TTT ATG GTA CCA TT CAT TTT CCT GCT TTT
TC) and Martn-ermR (5-AAA CTG ATT TTT AGT AAA CAG TTG ACG ATA TTC).

17. Restriction enzyme Aci I and T4 DNA ligase (New England Biolabs, Ipswich, MA).

18. QIAprep Spin Miniprep Kit, and PCR purification kit or MinElute 96 UF PCR purification
kit (Qiagen, Valencia, CA).

19. PCR equipment.

20. Taq polymerase and buffer provided by the manufacturer (Promega, Madison, WI).

3. Methods

The methods described below outline (1) the generation of a S. aureus clinical isolate
transformed with plasmids pBursa and pFA545, (2) the transposon mutagenesis, (3)
the determination of insertion sites by inverse PCR, and (4) the identification of match-
ing DNA sequences in the GeneBank.

3.1. Transformation of S. aureus Strain Newman with Plasmids pBursa
and pFA545

The transposable element or transposon is encoded on plasmid pBursa (Fig. 1). The
transposase is encoded on a second plasmid pFA545 (Fig. 2). The complete sequences

S-TTTATGGTACCATTTC
ATTTTCCTGCTTTTTC-3

bursa aurealis (3.2 kb)

BamHI| Acil amH|
1
g om — R6K - ermB
TIR TIR

pBursa
7,383 bp

cat

epPts

Fig. 1. Map of plasmid pBursa. Bursa aurealis, a mini-mariner transposable element,
was cloned into pTS2, with a temperature-sensitive plasmid replicon (rep;,) and chloramphenicol-
resistance gene cat to generate pBursa. Bursa aurealis encompasses mariner terminal inverted
repeats (TIR), green fluorescent protein gene (gfp), R6K replication origin (oriV), and erythro-
mycin-resistance determinant ermC, an rRNA methylase. The positions of restriction enzymes
recognition sites (Aci I and BamH I) are indicated.
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xyIR tnp

pFA545 tetBD
bla 10,079 bp

repCts

Fig. 2. Map of plasmid pFA545. Plasmid pFA545 is a derivative of pSPT181, a shuttle vector
consisting of pSP64 with ampicillin resistance (bla) for replication and selection in E. coli, and
pRN8103, a temperature-sensitive derivative of pT181 (repCts) and tetracycline-resistance
marker (tetB tetD). The presence of repCts and tetBD allows for replication of pFA545 in
S. aureus and other Gram-positive bacteria. tnp, mariner transposases; xyIR, xylose repressor.

for both plasmids are available from the GeneBank (accession numbers AY672109 and
AY672108).

3.1.1. Plasmid pBursa

The transposable element referred to as bursa aurealis is derived from the Himar 1
(mariner) transposon. Bursa aurealis encompasses short inverted repeats of the horn
fly transposon (15, 16), the ermC resistance marker (17), the R6K replication origin
(oriV), and a promoterless Aequorea victoria green fluorescent protein (gfp) gene (Fig.
1). Insertion of bursa aurealis into S. aureus chromosome confers resistance to eryth-
romycin and results in gfp expression if insertion occurs immediately downstream of
a promoter. In principle, the presence of R6K replication origin allows rescue of trans-
poson inserts along with the adjacent DNA fragments via cloning in Escherichia coli
using a Apir Tnl0 background that allows replication of R6K-based replicons. Unfor-
tunately, selecting for erythromycin resistance in E. coli is not always possible due to
high intrinsic resistance of most laboratory strains. Hence, this approach has not been
exploited by our laboratory. Bursa aurealis was cloned into the pTS2 vector (18),
thereby generating pBursa (Fig. 1). pTS2 carries a temperature-sensitive replicon
(pE194ts) and chloramphenicol resistance gene (19, 20), allowing pBursa to replicate
in most Gram-positive hosts. Staphylococcal cells bearing plasmid pBursa can be
selected on chloramphenicol and erythromycin containing media at 30°C.

3.1.2. Plasmid pFA545

Plasmid pFA545 is a derivative of vector pSPT181 (22) and encodes the Himar 1
transposase (16) cloned under the control of xylose-inducible xy/A promoter and XyIR
repressor from Staphylococcus xylosus (21) (Fig. 2). The xylA promoter region was



Generating a Collection of Insertion Mutations in the S. aureus 107

obtained from plasmid pIK64 (23). The parent vector pSPT181 is a shuttle vector con-
sisting of pSP64, a ColEl-based replicon that can replicate in E. coli and contains
ampicillin-resistance marker (24), and pRN8103 (25), a temperature-sensitive deriva-
tive of pT181 (26) that replicates in Gram-positive bacteria and carries the tetracycline
resistance marker.

3.1.3. Electroporation of the Plasmids into S. aureus RN4220

The mutagenesis procedure is described for the clinical isolate Newman (27) but can
be adapted to other strains as well. Due to the host restriction-modification system,
pBursa and pFA545 plasmid DNA cannot be introduced into S. aureus Newman
directly but need to be passaged through the laboratory strain RN4220. RN4220
is a vital intermediate for laboratory S. aureus manipulations, as it can accept E. coli—
propagated plasmid DNA due to nitrosoguanidine-induced mutation(s) in its
restriction-modification system (28), recently mapped to the saulhsdR gene (29).
Plasmids extracted from strain RN4220 can be electroporated in most staphylococcal
isolates and other Gram-positive bacteria. The protocol below describes a method to
electroporate plasmids pBursa and pFA545 extracted from strain RN4220 in strain
Newman.

1. Streak S. aureus strain Newman from a frozen stock on a TSA plate and incubate overnight
at 37°C.
Pick an isolated colony with a sterile loop and inoculate 2mL TSB in a 100-mL flask.
Incubate overnight at 37°C with shaking.
Transfer the overnight culture in a 2-L flask containing 200 mL TSB.
Grow cells to mid-log phage (ODgy = 0.5) with vigorous shaking (approximate incubation
time 2.5 to 3h).
6. Transfer the culture into sterile spin bottles and collect cells by centrifugation at 5000 X g
for 15 min.
7. Discard the supernatant and suspend the cell pellet in 40mL of ice-cold sterile 0.5 M
sucrose in deionized water.
8. Transfer the cell suspension to a prechilled 50-mL sterile centrifuge tube and keep
on ice.
9. Collect cells by centrifugation at 8000 X g, 10 min, 4°C.
10. Discard supernatant and suspend the cell pellet in 20mL of the ice-cold 0.5 M sucrose
solution as above.
11. Collect cells by centrifugation at 8000 X g, 10min, 4°C.
12. Repeat steps 10 and 11 once more.
13. Resuspend the pellet in 2mL ice-cold 0.5M sucrose solution.
14. Transfer 100-UL aliquots of the prepared electrocompetent cells into microcentrifuge tubes
chilled on ice.
15. Freeze tubes by plunging them in a dry ice-ethanol bath and store cells at —80°C until use
(this protocol can be adapted to prepare larger volumes of competent cells).
16. For electroporation of pFA545, retrieve a tube of competent cells from the freezer and
place tube on ice.
17. When cells are thawed, add 100 to 500ng of purified plasmid.
18. Transfer the cell and DNA mix into a 0.1-cm prechilled electroporation cuvette (Bio-Rad,
Hercules, CA).

DA
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19. Use the following settings for electroporation: voltage = 2.5kV, resistance = 100 Q,
capacity = 25 uF.

20. Immediately after the pulse, add 1 mL TSB kept at room temperature and transfer entire
contents to sterile Eppendorf tube.

21. Incubate for an hour at 30°C (no shaking required).

22. Pellet cells in a microcentrifuge (8000 X g, 3min, RT) and remove most of the supernatant
by flipping the tube upside-down.

23. Suspend cell pellet in remaining medium (50 to 100uL) and spread cells on a TSA plate
containing 2.5 ug/mL tetracycline (TSA.x ).

24. Incubate plate at 30°C for at least 16h (or until colonies are visible).

3.1.4. Isolation of Plasmid DNA from S. aureus Newman

25. Pick isolated colonies and grow cells in SmL TSB, ,5 overnight at 30°C.

26. Transfer 1.5mL of the overnight culture and collect cells by centrifugation (5000 x g,
3min, RT); keep the remaining 3.5mL cell culture at RT.

27. Suspend cell pellet in 50 uL. TSM buffer.

28. Add 2.5uL lysostaphin solution (2mg/mL stock) and incubate for 15min at 37°C (this
will yield protoplasts).

29. Collect protoplasts by centrifugation (8000 x g, 5min, RT) and discard supernatant.

30. Extract plasmid DNA from protoplasts using a QIAprep Spin Miniprep Kit (Qiagen)
following the manufacturer’s recommendations.

31. Analyze extracted plasmid by agarose gel electrophoresis (this procedure ensures that the
plasmid has been successfully transformed into RN4220).

32. If the plasmid DNA is indeed present, the remaining cell culture can be kept frozen at
—80°C in 50% sterile freezing solution.

3.1.5. Electroporation of the Passaged Plasmid DNA into S. aureus Newman

33. For electroporation of pBursa into S. aureus Newman, generate competent cells from the
cells carrying pFA545 by repeating steps 1 to 19 (Section 3.1.3).

34. Immediately after electroporation, spread cells on a TSA plate containing 2.5ug/mL
tetracycline and 2.5 pug/mL chloramphenicol (TSA..,5 i 5); preincubation at 30°C is not
necessary for the chloramphenicol or erythromycin selection.

35. Incubate plate at 30°C for at least 16h (or until colonies are visible).

36. Repeat steps 25 to 32 (Section 3.1.4) to verify the transformation.

Once S. aureus Newman or a strain of choice has been transformed with both
plasmids, it is recommended to grow and freeze multiple isolates at —80°C as described
in step 32 (Note 1).

3.2. Transposon Mutagenesis

One of the main problems in generating a transposon mutant library is a
potential disproportionate amplification of cells carrying the same transposon
insertion. To minimize this unwanted process, mutants are isolated on solid medium.
Nevertheless, the use of liquid culture remains an acceptable and a more rapid
alternative.
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1. Day 1: Streak the strain Newman carrying both plasmids, pBursa and pFA545, from frozen
stock on TSA s o 5 and incubate overnight at 30°C.

2. Day 2: Pick an isolated colony and inoculate SmL TSB. 5 . 5 (alternatively, use freshly

transformed Newman for this step).

Incubate the cultures overnight at 30°C with shaking.

Day 3: Dilute the overnight culture 10°-fold with sterile water and spread 50 to 100 uL of

the diluted culture on one or more TSA 5 o 5 plates.

Incubate overnight at 30°C.

Place a flask with 100mL sterile water in 43°C incubator to preheat for the next day.

Day 4: Prewarm 10 to 20 TSA..10 plates at 43°C for 1h.

Add 100uL of sterile prewarmed water to 10 to 20 sterile microcentrifuge tubes (the

number should be the same as for the number of plates in step 7).

Pick a colony from TSBs . 5 plate (step 5) and mix with water in one of the micro-

centrifuge tubes. Vortex and repeat this procedure as needed.

10. Transfer 1 to 2uL of cell suspension (step 9) and 100uL of prewarmed water (step 6)
onto a prewarmed TSA, o plate (step 7).

11. Add 7 to 15 sterile glass beads on the plate, shake to spread cells evenly, remove glass
beads, and collect in a separate container by inverting the plate.

12. Place plate immediately in a 43°C incubator and incubate until colonies appear (up to 2
days).

13. Inoculate colonies in SmL TSB,,;o and incubate at 43°C overnight with shaking.

14. Freeze aliquots at —80°C in 50% sterile freezing solution. Use the remaining cells in each
culture to map transposon insertion site(s) (see below).
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Bursa aurealis transposition occurs at the frequency of ~107. The system was meant
to be inducible by design (Fig. 2); however, addition of xylose does not improve efficiency
of transposition and is usually omitted. A typical experiment described above yields about
50 colonies per plate (Section 3.2, step 12). When more colonies (>200) appear, plasmid
integration (Note 2) or incomplete loss of plasmid are generally suspected.

Liquid culture inoculation and incubation at 43°C (step 13) is performed for
individual colonies isolated from step 12. Each of these isolates can then be sub-
jected to inverse PCR and DNA sequencing. After purification of genomic DNA, it is
observed that approximately 0.5% of all isolates fail to lose the plasmids (Notes 3
and 4).

If the investigator does not wish to sequence the sites of transposon insertions, iso-
lated colonies (step 12) may be grown as pools (step 13).

A similar protocol can be used to isolate mutants in other Gram-positive bacteria
(Note 5 [32]).

3.3. Determination of Transposon Insertion Sites by Inverse PCR and
DNA Sequencing

This step is not required if an investigator wishes to isolate a random (nonordered)
library of mutants. However, it is highly recommended to sample a number of isolated
mutant strains for quality control as the work proceeds. Sampling is described below
for the analysis of 96 strains but can be adapted to a smaller sample size.
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3.3.1. Purification of Chromosomal DNA with Wizard Genomic DNA
Purification Kit

The following method is modified from the protocol of the manufacturer (Promega).
Nuclei Lysis Solution and Protein Precipitation Solution are purchased from Promega.

1. Collect cells from 1.5 to 3mL culture (step 14, Section 3.2) in an Eppendorf tube by cen-
trifugation (8000 X g, 5min, RT).

2. Discard the supernatant and suspend cell pellet in 50ul. TE buffer containing

lysostaphin.

Incubate for 15min at 37°C. The cell suspension will become viscous.

4. Add 300uL of Nuclei Lysis Solution, vortex tubes, and transfer them to a heating block
set at 80°C for 10 min. Longer incubations do not affect the quality of the DNA.

5. After incubation, the sample should become clear. In cases where this does not occur,
pipette insoluble material up and down until the sample is clear. This treatment shears the
DNA but does not affect the performance of inverse PCR.

6. Cool samples to room temperature and add 1.5 UL of RNase Solution (4 mg/mL in water),
vortex briefly, and incubate 30 min at 37°C. Longer incubations do not affect the quality
of the DNA.

7. Add 100uL of Protein Precipitation Solution, vortex, and incubate on ice for 5min.

Transfer tubes to a microcentrifuge and spin at top speed (16,000 x g) for 5 min.

9. Transfer supernatant to a clean microcentrifuge tube containing 300uL of room-
temperature isopropanol (you may need to repeat step 8 once more if the sample is
cloudy).

10. Vortex briefly, transfer tubes to a microcentrifuge, and spin at top speed (16,000 x g) for

Smin.

11. A DNA pellet should be visible at the bottom of the tube; discard supernatant by inverting

tubes, add 750 uL. of 70% ethanol kept at room temperature, and vortex briefly.

12. Transfer tubes to a microcentrifuge and spin at top speed (16,000 x g) for 5Smin.

13. Remove remaining supernatant and dry pellets completely at room temperature.

14. Add 15 to 20uL TE and rehydrate the DNA by incubating for 1 h at 65°C or overnight at

4°C.
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3.3.2. Inverse PCR

In order to achieve a successful inverse PCR, two critical factors should be consid-
ered: (1) the choice of restriction site and enzyme used to digest genomic DNA and
(2) the design of primers for amplification. Restriction enzymes recognizing DNA
palindromes of six nucleotides or more generally generate DNA fragments that are too
large to be amplified. On the other hand, the use of four nucleotide-based palindromes
may yield fragments that are too small and do not permit unambiguous identification
of transposon insertion sites. The four-nucleotide restriction site (CCGC) recognized
by the Aci I enzyme is used here. This choice was driven by the knowledge that the
S. aureus genome displays a rather low GC content (32%). Therefore, the average size
of digestion products should in most cases be larger than the predicted size (4* =
256bp). This is indeed the case (Fig. 3). To determine the appropriate set of primers,
four primers were tested in four possible combinations. The optimal annealing tem-
perature is best determined by using a thermocycler unit with temperature gradient
capability. Martn-F and Martn-erm-R are the two oligonucleotides used for inverse
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Fig. 3. Mapping insertion sites by inverse PCR. Genome DNA from 15 mutant strains of
S. aureus Newman obtained by bursa aurealis transposon mutagenesis is isolated and digested
with Aci I. Next, fragment self-ligation, inverse PCR, and agarose gel electrophoresis are per-
formed. M indicates the molecular-weight marker (1-kb DNA ladder).

PCR (see sequences in Section 2). A diagram of the inverse PCR procedure is depicted

in Figure 3.

1. Bring purified chromosomal DNA to room temperature or warm to 37°C to 65°C (this will
help decrease viscosity of the sample).

2. Prepare reaction mix for digestion of DNA with Aci I in a 96-well plate assay:

100 L 10x buffer for Aci I (New England Biolabs)
75uL Aci I (New England Biolabs)

325uL water

Transfer 5 UL of the mixture to each well, add 5L chromosomal DNA.

3. Incubate samples 1h and up to overnight at 37°C.
4. Inactivate Aci I by incubating samples for 20 min at 65°C.
5. Prepare ligation mix for the 96-well plate assay:
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7.9mL water
1.0mL 10x buffer for T4 DNA ligase (New England Biolabs)
0.1mL T4 DNA ligase (New England Biolabs)

Add to each well 90 UL of this mixture.

6. Incubate ligation reactions 3h or up to overnight at room temperature.

7. Purify DNA with the Qiagen MinElute 96 UF PCR purification Kit (for 96-well sample)
according to the manufacturer’s protocol. Elute DNA in each well with 60 to 75uL of
elution buffer or deionized water.

8. Use 5uL of ligated DNA for PCR reaction in a 25-UL reaction volume (Taq enzyme and
10x buffer from Promega are recommended; use primers at 1 UM each).

9. For primers Martn-F and Martn-ermR, the following 40-cycle program is recommended:
30s at 94°C
30s at 63°C
3min at 72°C.

10. Analyze 3 uL of the PCR reaction by 1% agarose gel electrophoresis (Fig. 3).
11. The DNA sequence of the PCR product is determined using the PCR product as a template
and primer Martn-F.

3.4. Identification of Matching DNA Sequences in the GeneBank

Once the DNA sequence is determined, the identification of matching sequences in
the GeneBank is trivial. However, the analysis of hundreds of sequences is cumber-
some, and an automated method, like the one described here, can be used.

Step 1. DNA sequence files provided by the sequencing facility are configured
into FASTA format and filtered for the transposon sequence prior to use in BLAST
(30).

(a) FASTA format starts with a single-line description, followed by lines of sequence
data. The description line is differentiated from the sequence data by a greater-than
(“>”) symbol in the first column. The word following the “>” symbol is the
identifier of the sequence, and the rest of the line is the description (both are
optional).

(b) For each sequence file:

* Special characters are removed using the Unix command “tr -d "\r”.

* The file name is used as the identifier and description of the DNA sequence.

* The transposon sequence substring CCTGTTA, indicating the end of the
transposon, is searched for in the DNA sequence file.

 If found, the substring with an additional 160 nucleotides is extracted and
combined with identifier and description of files.

e If the transposon sequence is not found, the first 260 nucleotides are
extracted.

* All formatted the sequence files are combined into one file for querying with
BLAST.

Step 2. BLAST searches.

Files in FASTA format (from step 1) are used as BLAST queries against the full
genome sequence of strain Mu50 as follows:
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(a) The genome sequence file (NC_002758.fna) is downloaded from NCBI (ftp://ftp.
ncbi.nih.gov/genomes/Bacteria/Staphylococcus_aureus_Mu50/).
(b) The genome sequence files are formatted using the BLAST program formatdb.
The command line arguments used are
e “formatdb —i —p F NC_002758.ftna”
* where —i Input file(s) for formatting (this parameter must be set) [File In]
e -p Type of file (T—protein or F—nucleotide)
e The resultant files produced are NC_002758.fna.nhr, NC_002758.fna.nin, and
NC_002758.fna.nsq
(c) BLAST (blastn) is performed using the formatted DNA sequences produced in
step 1 and the Staphylococcus aureus Mu50 genome sequence as its database
(subject):
* “blastall -p blastn —-m 8 -d NC_002758.fna —i query_transposon_sequences.txt -o
query_transposon_sequences.out”
o Where —p Program Name
o -d Database
o -i Input file
e -0 Output file
o -m 8 Output format in tabular form
Step 3. Parsing BLAST output.

The raw BLAST output is parsed to find significant similarity with a query sequence.
The BLAST output file presents information in tabular format and for each sequence
lists the query id, subject id, % identity, alignment length, mismatches, gap openings,
query start, query end, subject start, subject end, e value, and bit score. In the BLAST
output file, query_transposon_sequences.out, only hits with an E-value less than or
equal to le-05 are considered significant and placed into file (query_transposon_
sequences.out.significant). Query sequences with single or multiple hits in the genome
are listed separately in this output file.

Step 4. Mapping BLAST hit locations onto the genome (Note 6).

The file NC_002758.ptt is downloaded from NCBI (ftp://ftp.ncbi.nih.gov/genomes/
Bacteria/Staphylococcus_aureus_Mu50/). This file contains the following information
for each predicted ORF: location in the Mu50 chromosome, name, locus name, strand
information, the corresponding protein ID, function, and length. This file can be used
to determine positions of transposon insertion in the genome using BLAST hit locations
from step 3. For each BLAST hit location (subject start and subject end), the positions
are searched for in the .ptt file. If these positions overlap:

* only one gene, then that gene is reported and noted as such,

» multiple genes, then those genes are reported and noted as such,

* one or more genes and intergenic region(s), then that gene(s) and the gene(s)
neighboring that intergenic region(s) are reported and noted as such.

Notes

1. Stability of strains carrying both plasmids and frequency of transposition: Multiple Newman
transformants carrying plasmids pBursa and pFA545 are grown and frozen at —80°C. These


ftp://ftp.ncbi.nih.gov/genomes/Bacteria/Staphylococcus_aureus_Mu50/
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/Staphylococcus_aureus_Mu50/
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/Staphylococcus_aureus_Mu50/
ftp://ftp.ncbi.nih.gov/genomes/Bacteria/Staphylococcus_aureus_Mu50/

114 Bae et al.

strains can be streaked on agar plates at 30°C. Whereas transposition frequency is ~107 at
43°C, it is significantly lower at 30°C (less than 107'2).

2. General problems with transposition procedure. Typically, after growing cells harboring
pBursa and pFA545 at 43°C and plating on TSA....10, about 50 colonies should be observed.
However, pBursa can integrate into the chromosome at the site of the pre gene (SAV0031
in Mu50) that encodes plasmid recombinase. Integration occurs at all temperatures (30°C
to 43°C), causing a larger number of colonies to appear at 43°C after plating candidate
transposants on TSA. ;0. It is advisable to regularly sample candidate transposants for the
loss of chloramphenicol resistance (plasmids integrating at pre site do not lose the chloram-
phenicol resistance marker). Following step 12 (Section 3.2), isolated colonies can be
streaked in parallel on TSA. .10 and TSA o2 s and incubated at 43°C overnight. More than
98% of all candidates should grow on TSA...o plates and fail to grow on TSAmiochi2.s
plates.

3. The size of library and essential genes: It is estimated that 25,000 to 30,000 isolates should
represent a complete library for a genome encompassing ~2600 genes (Chapter 22). This
task can be accomplished within 6 months if the mutants are grown and stored individually
and within 1 month if the mutants are pooled. Strains can be stored in 96-well plates with
freezing solution at —80°C. Comparison of the unfinished bursa aurealis Newman library
(12) with the reported characterization of essential genes in Bacillus subtilis (31) identified
an overlap of about 150 to 200 homologous genes.

4. Stability of mutations and second site suppressors: Transposon insertions generated using
bursa aurealis are very stable and do not undergo secondary transposition events. Isolates
with more than one stable transposon insertion are rare. Sequence analysis suggests that
mutants with two transposon insertions represent less than 1% of the mutant population.
However, second site suppressors often occur as a result of decreased fitness caused by dis-
ruption of some genes by the transposon. Often, such mutations cause cells to exhibit tem-
perature-sensitive phenotypes. Because cells are grown at 43°C for long periods of time, this
is hardly avoidable. We recommend transduction of alleles of interest (in particular, those
that are used to assay virulence in animal models of infection) into original S. aureus
Newman using bacteriophage ®85 (12).

5. Use of bursa aurealis in other Gram-positive microorganisms: Technically, plasmids pBursa
and pFA545 can be used to transform other Gram-positive bacteria. We have recently shown
that the described procedure can be utilized for transposon mutagenesis is Bacillus anthracis
strain Sterne (32).

6. Sequence analysis: Because the genome of strain Newman (and many other laboratory
strains and clinical isolates) have not yet been sequenced, other staphylococcal genomes
currently available in GeneBank have to be used for mapping transposition sites. Staphylo-
coccal genomes differ, especially in pathogenicity islands, prophages, and resistance
cassettes. In case of strain Newman, about 1% of sequenced insertion sites do not reveal
homology to published genome sequences, suggesting the presence of genes specific to
Newman.
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Multipurpose Transposon Insertion Libraries for Large-Scale
Analysis of Gene Function in Yeast

Anuj Kumar

Summary

Transposons have long been recognized as useful laboratory tools facilitating genome-scale studies of
gene function. Relative to traditional methods, transposon mutagenesis offers a rapid and economical
means of generating large numbers of independent insertions in target DNA through minimal experimental
manipulation. In particular, the transposon insertion library described here is an excellent tool for the
analysis of gene function on a large scale in the budding yeast Saccharomyces cerevisiae. The transposon
utilized in this library is multifunctional, such that the library can be used to screen for disruption
phenotypes while also providing a means to generate epitope-tagged alleles and, in many cases, conditional
alleles. Provided here are complete protocols by which the transposon insertion library may be used to
screen for mutant phenotypes in yeast as well as accompanying protocols describing a means of identifying
transposon insertion sites within strains of interest. In total, this insertion library is a singularly useful tool
for genome-wide functional analysis, and the general approach is applicable to other organisms in which
transforming DNA tends to integrate by homologous recombination.

Key Words: B-gal assays; conditional mutants; Cre-lox recombination; epitope tagging; insertion-
based screens; insertion mutagenesis; Saccharomyces cerevisiae; shuttle mutagenesis; transposon; trans-
poson tagging; vectorette PCR.

1. Introduction

Gene function can be investigated through a variety of approaches encompassing
studies of disruption phenotypes (I-5), conditional alleles (6), and protein localization
(7, 8). In particular, essential genes can be identified through large-scale gene disruption
analysis (9), and the functions of these genes can be studied further through the use of
conditional mutants (10) and epitope-tagged alleles (8, 11). For this purpose, transposon
mutagenesis has been used to construct a plasmid-based library of mutant alleles, which
could facilitate each of these studies in the budding yeast Saccharomyces cerevisiae
(9, 12). The transposon used to generate this library is multifunctional; the features of
this transposon are detailed in Section 3.1. Briefly, the transposon carries a reporter
gene and an epitope tag, enabling the transposon insertion library to be used for each
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of the studies described above. Application of this library is simple. The insertion
library can be introduced into a yeast strain by standard methods of DNA transforma-
tion; the transposon-mutagenized yeast genomic DNA integrates into the genome by
homologous recombination. If desired, Cre-/ox recombination can be used to remove
most of the transposon insertion, leaving behind a sequence encoding an epitope tag.
Resulting yeast strains can be screened for phenotypes and/or protein localization, and
the site of transposon insertion within these strains can be identified by PCR or other
approaches.

Relative to other methods of genome-wide screening, transposon-insertion libraries
offer several advantages. Classic methods of chemical treatment or ultraviolet irradia-
tion yield mutations that are difficult to identify within strains of interest, whereas
transposon insertions can be located easily by polymerase chain reaction (PCR) ampli-
fication or plasmid rescue (9, 12, 13). Genome-wide collections of gene deletions
([1, 14] and Chapter 14) and fluorescent protein fusions (7) also offer an alternative
to traditional screens; however, the transposon insertion library described here is more
versatile, providing epitope-tagged alleles, gene disruptions, and conditional mutants
in a single mutant collection. Finally, by random transposon mutagenesis, we often
recover multiple strains with independent insertions at distinct sites within a single
gene. Multiple insertion alleles of a gene can be more informative than a single
gene deletion as these multiple alleles can be used to define domains within a pro-
tein (9).

This chapter presents protocols for the application of transposon-insertion libraries
for genome-wide screens of gene function in S. cerevisiae. Although the libraries
described here are specific for yeast, the general approach can be adopted for other
organisms as well in which transforming DNA tends to integrate by homologous
recombination.

2. Materials

1. Tris/EDTA (TE) buffer, sterile: 10mM Tris-Cl, pH 8.0, I mM EDTA, pH 8.0.

2. Luria Broth (LB) medium, sterile: 10g tryptone, 5g yeast extract, 5g NaCl, ImL IN

NaOH, add water to 1L.

Selective plates with antibiotics (e.g., tetracycline, kanamycin) as indicated.

Not 1 and Alu I restriction endonucleases (New England Biolabs, Ipswich, MA).

5. One-step buffer: 0.2M lithium acetate, 40% (w/v) PEG 4000, 100mM
2-mercaptoethanol.

6. DNA, RNA: sonicated salmon sperm DNA, 2mg/mL; yeast tRNA.

7. Synthetic Complete (SC) dropout medium, sterile: per liter, 1.3 g dropout powder, 1.7 g
yeast nitrogen base (BD-Difco, Franklin Lakes, NJ) without amino acids/ammonium
sulfate, 5 g ammonium sulfate, 20 g dextrose.

8. Yeast/peptone/dextrose (YPD) medium, sterile: mix 10g yeast extract and 20g bacto-
peptone in 950mL ddH2O in a 2-L flask. Autoclave and add 50mL 40% dextrose.

9. Yeast/peptone/adenine/dextrose (YPAD) medium, sterile: 1% yeast extract, 2% peptone,
2% dextrose, 80 mg/L adenine.

10. Whatman 3MM filter paper (Whatman, Clifton, NJ).
11. 9-cm and 15-cm glass Petri dishes.
12. Chloroform.

> w
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13. 5-Bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-gal; 120 ug/mL).

14. X-gal plates, sterile: per liter, 1.7 g yeast nitrogen base without amino acids/ammonium
sulfate, 5 g ammonium sulfate, 20 g dextrose, 20 g agar, 0.8 g dropout powder, NaOH pellet.
Add water to 900mL and autoclave. Add 100 mL potassium phosphate, pH 7.0, and 2mL
20mg/mL X-gal prepared in 100% N,N-dimethylformamide.

15. 5-Fluoro-orotic acid (5-FOA) plates, sterile: bacto-yeast nitrogen base (0.67%), dropout
mix—Ura (0.2%), glucose (2%), uracil (50pug/mL), 5-FOA (0.1%), bacto-agar (2%),
water.

16. Clinical tabletop centrifuge.

17. 45°C water bath.

18. 96-well plate reader (optional).

19. Oligonucleotide primers.

20. Thermal cycler.

21. Agarose gel equipment.

22. Sporulation medium: 1% (w/v) potassium acetate, 0.1% bacto-yeast extract, 0.05% glucose,
2% bacto-agar, water to 11, with appropriate nutritional supplements (at the level of 25%
of those used for standard SC plates) depending upon the auxotrophies of the strain.

23. B-Glucuronidase (Sigma-Aldrich, St. Louis, MO).

24. Oligo ABP1: GAAGGAGAGGACGCTGTCTGTCGAAGGTAAGGAACGGACGA-GA
GAAGGGAGAG; Oligo ABP2: GACTCTCCCTTCTCGAATCGTAACCG-TTCGTAC
GAGAATCGCTGTCCTCTCCTTC.

25. Universal Vectorette (UV) Oligo: CGAATCGTAACCGTTCGTACGAGAATCGCT.

3. Methods

The methods presented here will describe (1) the design and application of multi-
purpose bacterial transposons for mutagenesis of yeast DNA, (2) the introduction of
transposon insertion libraries into yeast for subsequent functional analysis, and (3) an
example phenotypic screen using these mutagenized yeast strains.

3.1. Multipurpose Bacterial Transposons

The development of a multifunctional transposon insertion library is described in
Section 3.1.1 to Section 3.1.2. This includes (a) the description of the donor transposon
construct and (b) a brief description of the in vitro mutagenesis protocol used to gener-
ate the yeast insertion library.

3.1.1. Transposon Design

Multipurpose transposons for mutagenesis of yeast DNA have been constructed
from the bacterial transposons Tn3 and Tn7. Tn3 mutagenesis is performed in vivo in
Escherichia coli (9); the Tn7 system has been adapted for use in vitro by Nancy Craig’s
group at Johns Hopkins University (15, 16). Both transposons have been engineered to
carry identical components, and both have been used successfully to generate inser-
tional libraries of yeast genomic DNA; however, statistical analysis of Tn3 and Tn7
insertion sites suggests that Tn7 possesses a less-pronounced bias in target site selection
than does Tn3 (12). Thus, a Tn7-based insertional library may provide better genome
coverage than a Tn3-based library. In particular, this chapter presents protocols for the
use of a Tn7-based library.
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Fig. 1. Schematic diagram of the Tn7-derived multipurpose transposon and its applications.
The transposon-encoded lacZ reporter is indicated as an arrow, as are the bacterial and yeast
selectable markers tet and URA3. The lacZ reporter is terminated by a series of stop codons,
enabling the construct to be used to generate gene disruptions. Upon Cre-lox recombination, the
residual transposon construct can be used to generate epitope-tagged alleles and potential con-
ditional alleles. L, Tn7 left terminus; R, Tn7 right terminus; 3XHA, sequence encoding three
copies of the HA epitope.

The Tn7-derived mini-transposon (mTn) is multifunctional in that it can be used to
generate a variety of mutant alleles from a single insertion (Fig. 1). The transposon
itself is bounded by Tn7 terminal sequences that act as substrates and binding sites for
recombination proteins mediating Tn7 transposition. For selection in Escherichia coli
and yeast, this transposon carries the tet and URA3 genes, respectively. The Tn7 trans-
poson contains a modified form of the reporter gene lacZ lacking both its start codon
and upstream promoter. Transposon insertion, therefore, may be used to generate a lacZ
gene fusion and -galactosidase (3-gal) activity, provided that the insertion is oriented
such that the lacZ reporter is in frame with its surrounding gene. By assaying for 3-
galactosidase activity, this Tn7 transposon may serve as a gene trap identifying tran-
scribed and translated sequences within the yeast genome. The lacZ reporter is terminated
by a series of stop codons such that mTn insertion creates a gene truncation. In addi-
tion, the Tn7 transposon contains two lox elements, one located near each mTn end;
one [ox site is also internal to sequence encoding three copies of an epitope from the
influenza virus hemagglutinin protein (the HA epitope). As lox sites are target sequences
for the site-specific recombinase Cre, Cre-lox recombination may be used in yeast to
reduce the full-length 6-kb transposon to a small 99-codon read-through insertion
encoding three copies of the HA epitope (the HAT tag). In this manner, mTn-mediated
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disruption alleles may be converted in yeast to epitope-tagged alleles and, potentially,
conditional mutations.

3.1.2. Transposon Insertion Library

This Tn7-derived mini-transposon transposon has been used to mutagenize a plasmid-
based library of yeast genomic DNA by protocols outlined in Kumar et al. (12). In
brief, nonspecific Tn7 transposition is achieved in vitro using three purified proteins:
TnsA, TnsB, and a TnsC gain-of-function mutant. Paired with the TnsAB transposase
and appropriate cofactors (i.e., ATP and Mg*"), the TnsC mutant permits nondirected
transposition. In addition, the transposon is subject to transposition immunity, wherein
DNA molecules containing at least one transposon terminus are immune from further
insertions. Collectively, these properties of the in vitro Tn7 system can be exploited to
generate a library of plasmids or PCR products, each bearing a single transposon
insertion.

Tn7 transposon mutagenesis of yeast genomic DNA is performed as follows:

1. Approximately 400ng of a plasmid-based library of yeast genomic DNA (Kan") is mixed
with 25ng of a gain-of-function TnsC mutant (TnsC***") in a 100-uL reaction volume
containing the following (at final concentration): 26 mM HEPES, 4.2mM Tris pH 7.6,
50ug/mL BSA, 2mM ATP, 2.1mM DTT, 0.05mM EDTA, 0.2mM MgCl,, 0.2mM
CHAPS, 28 mM NaCl, 21 mM KClI, and 1.35% glycerol.

2. This mixture is “preincubated” at 30°C for 20 min.

3. Subsequently, 40ng TnsA, 25ng TnsB, 15mM MgAc, and 100ng donor plasmid (Tet")
are added to this mixture and incubated at 30°C for an additional 2h.

4. Products are phenol extracted and ethanol precipitated in the presence of Sug yeast
tRNA.

5. Precipitated product is then collected, washed, dried, and resuspended in 20 UL water with
RNAseA.

6. This reaction is typically repeated five or six times per pool of library DNA; the resulting
product is introduced by electroporation into competent E. coli.

7. Transformants are plated on LB medium supplemented with tetracycline (3 ug/mL) and
kanamycin (40 ug/mL).

8. Transformants are scraped into a cell suspension and stored as frozen stock in 15%
glycerol.

The mutagenesis protocol described above was applied individually to 10 pools of
a plasmid-based yeast genomic library derived from a strain lacking both its mitochon-
drial genome [r7] as well as 2-um DNA [cir’]. Each mutagenized pool contains 5
genome equivalents of genomic DNA; thus, the library in total consists of 50 genome
equivalents encompassing in excess of 300,000 independent insertions.

The library can be obtained from the author free of charge upon request.

3.2. Generating Yeast Mutants from the Transposon Insertion Library

In order to utilize the transposon insertion library for functional analysis, the inser-
tion alleles must be introduced into yeast by standard methods of DNA transformation.
Subsequently, the yeast transformants may be screened to identify potential gene dis-
ruptions and insertions in-frame with host genes (Note 1). Strains carrying in-frame
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Fig. 2. Outline of the steps by which the transposon insertion library can be used to screen
for phenotypes of interest and/or generate epitope-tagged alleles and conditional alleles for the
analysis of essential genes. Optional steps are indicated inside of dashed lines. Chapter sections
corresponding with each protocol are shown in boldface.

insertions can be used to generate epitope-tagged alleles by Cre-lox—mediated modifica-
tion of the integrated transposon. A diagrammatic outline of these steps is provided in
Figure 2. These protocols are described in Section 3.2.1 to Section 3.2.3.

3.2.1. Introduction of the Library into Yeast by DNA Transformation

Approximately 1g of each pool of library DNA will be supplied to users; thus, it
may be necessary to obtain a greater quantity of library DNA for transformation of
yeast. If desired, the library DNA may be introduced into any tetracycline- and
kanamycin-sensitive E. coli strain by standard transformation procedures.

1. Select transformants on LB medium supplemented with tetracycline (3 ug/mL) and kan-
amycin (40 ug/mL) using plates 14cm in diameter. In total, approximately 100,000 trans-
formants should be obtained following overnight growth at 37°C.
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2. Elute transformant colonies as follows: Place 6mL LB medium onto each plate and scrape

cells into a homogenous suspension. Dilute an aliquot of this eluate into LB medium sup-

plemented with tetracycline (3 ug/mL) and kanamycin (40pug/mL) to yield a culture of
nearly saturated cell density. Incubate at 37°C with aeration for 2 to 3h.

Isolate plasmid DNA by standard alkaline lysis.

4. Digest approximately 1ug plasmid DNA with Not 1. Subsequently, analyze a portion of
the reaction mixture by agarose gel electrophoresis to ensure release of mTn-mutagenized
yeast DNA from the plasmid vector (Note 2). Store the remaining reaction mixture for
later use in step 7.

5. Grow a 10-mL culture of any desired ura3 yeast strain to mid-log phase (a density of
107 cells/mL or ODgy, of approximately 1) maintaining appropriate selection if applicable
(Note 3).

6. Pellet cells in a clinical tabletop centrifuge at 1100 X g for 5 min. Wash once with 5 volumes
of one-step buffer.

7. Resuspend cells in 1 mL one-step buffer supplemented with 1 mg denatured salmon sperm
DNA. Add 100-uL aliquots from this suspension to 0.1 to 1ug Not I-digested plasmid
DNA from step 4 (Note 4). Vortex, and incubate at 45°C for 30 min.

8. Pellet cells and subsequently suspend in 400 mL SC-Ura medium. Spread 200-pL aliquots
onto SC-Ura plates and incubate at 30°C for 3 to 4 days. Up to 1000 transformants may
be recovered per microgram of transforming DNA (Note 5).

et

3.2.2. Screening Yeast Mutants for In-Frame Insertions

Productive transposon insertions within protein coding sequences can be detected
by virtue of the lacZ reporter encoded within the transposon. Yeast strains contain-
ing an insertion in-frame with the surrounding gene will produce lacZ-encoded B-
galactosidase, provided that the gene is expressed under the given growth conditions.
B-Gal activity can be assayed easily as described below.

1. To maximize detection of lacZ fusions expressed at low levels, patch transformant colonies
onto YPD plates (supplemented with 80 pLg/mL adenine if using an ade2 host strain) at a
density of up to 100 colonies per plate.

2. Place a sterile disk of Whatman 3MM filter paper onto a plate of SC-Ura medium; repeat
for as many plates as needed. Replicate transformant cells onto filter-covered plates and
incubate overnight at 30°C (Note 6).

3. Following overnight growth, lift filters from plates and place in the lid of a 9-cm glass
Petri dish. Place this lid inside a closed 15-cm Petri dish containing chloroform. Incubate
for 10 to 30 min.

4. Place filters colony-side up onto fresh X-gal plates (5-bromo-4-chloro-3-indolyl-f-p-
galactopyranoside [X-gal; 120ug/mL], 0.1 M phosphate buffer pH 7.0,  mM MgSO, in
1.6% [w/v] agar). Incubate inverted at 30°C for up to 3 days. After several days of growth,
B-gal levels can be reliably estimated from the observed intensity of blue staining
(Note 7).

3.2.3. Generating Epitope-Tagged and Conditional Alleles by
Cre-lox Recombination

Strains bearing an in-frame transposon insertion may be used to derive corresponding
strains with epitope-tagged proteins by Cre-lox recombination in yeast. The phage P1
Cre recombinase can be expressed exogenously from plasmid pGAL-cre (available
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from the author); on this plasmid, cre is under transcriptional control of the GAL pro-
moter, so that galactose induction may be used to drive cre expression. Following
induction on galactose, cells having undergone Cre-mediated recombination (and
loss of the mTn-encoded URA3 marker) may be selected on medium containing 5-
fluoro-orotic acid (5-FOA). The residual transposon insertion may also effectively
generate hypomorphic or conditional mutants. This procedure is described below.

1. Transform the mTn-mutagenized ura3 leu2 host strain with pGAL-cre (amp, ori, CEN,
LEU?2); subsequently, select transformants on SC-Leu-Ura dropout medium.

2. To derepress the GAL promoter, inoculate transformants into 2mL SC-Leu-Ura medium
with 2% raffinose as its carbon source. Incubate at 30°C with aeration until the culture has
grown to saturation.

3. Dilute cultures 100-fold into SC-Leu medium with 2% galactose as its carbon source. As
a control, dilute an aliquot of the same culture 100-fold into 2mL SC-Leu medium with
2% glucose as its carbon source. Grow cultures for 2 days at 30°C with aeration.

4. If visible growth is apparent, dilute cultures 100-fold in sterile water and withdraw a 10-uL
aliquot. If no growth is apparent, withdraw a 10-pL aliquot from the undiluted culture.
Spot onto a 5-FOA plate, and isolate single colonies by streaking the droplet. Dilute cul-
tures grown in 2% glucose 100-fold in sterile water, withdraw a 10-uL aliquot, spot, and
streak onto a 5-FOA plate. Incubate 5-FOA plates at 30°C until growth is visible on those
plates inoculated with strains grown in galactose (Note 8).

5. Single colonies from strains having lost the mTn-encoded URA3 marker (exclusively fol-
lowing galactose induction) may be saved as stock in 15% glycerol at —=70°C.

3.3. Phenotypic Analysis of Yeast Insertion Mutants

A general protocol for screening yeast insertion mutants is presented in Section 3.3.1
to Section 3.3.2. This includes (a) considerations in planning a phenotypic study of
gene disruptions, (b) protocols for identifying and studying conditional mutants, and
(c) protocols for the identification of the transposon insertion site within strains of
interest.

3.3.1. Analysis of Disruption Phenotypes

Yeast insertion mutants can be screened for any number of desired phenotypes
by growing the strains under appropriate conditions. As the specifics of this screen will
necessarily vary depending upon the chosen growth conditions, a general outline is
provided here.

Yeast mutants may be conveniently assayed in arrayed format if desired. Liquid
cultures of yeast transformants can be grown in 96-well microtiter plates to mid-log
phase under environmental stress; for example, resistance/sensitivity to a drug may be
determined by growing cells in media supplemented with that drug. Identical cultures
can be grown in parallel in 96-well format under standard growth conditions (e.g., in
normal growth media lacking the environmental stress). To obtain a quantitative
measure of strain fitness, cell density can be measured (at ODg) using a 96-well plate
reader. The cell density of treated versus mock-treated samples provides an indication
of strain sensitivity or resistance. This very simple screening approach can be modified
as needed.
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3.3.2. Analysis of Conditional Mutants

The yeast insertion library can also be used to investigate cell functions associated
with essential genes (17). If a diploid strain of yeast is chosen for transformation, inser-
tions in essential genes can be recovered, provided the heterozygous mutant is viable.
By Cre-lox recombination, the full-length transposon can be modified into an epitope-
insertion element, with the added benefit of generating conditional mutants in some
cases (Note 9). Conditional mutants may be identified and studied as follows.

1. Heterozygous diploid strains carrying an epitope-insertion element in an essential gene
should be sporulated to determine whether the insertion disrupts gene function. Briefly,
inoculate cells from the strain of interest in 1.5 mL sporulation media. Incubate cultures
on a roller drum for 3 to 5 days at room temperature (Note 10).

2. Harvest sporulated cultures (3000 xg for 5min) and wash. Resuspend tetrads in 1 mL
sterile water.

3. Digest a 100-uL aliquot of resuspended tetrads in 5 UL of B-glucuronidase (134.6 units/mL)
at room temperature for 15 to 20 min.

4. After incubation, spread 8 UL of the reaction mixture onto an appropriate plate. Dissect
tetrads and incubate plates at room temperature for 2 to 3 days.

5. Score haploid segregants for viability. For example, if using the lab strain BY4741, score
segregation of the met, lys, and MAT loci by replica plating onto SC-Met, SC-Lys, and
SC-His plates spread with lawns of mating-type testers. Identify strains exhibiting 4*:0~
segregation of viability.

6. Select for further analysis four haploids derived from one tetrad, as well as strains that are
MATametl5 and MATalys2. The complete tetrad serves as a control, confirming that the
epitope-insertion element is segregating 2": 2" as expected.

7. For each strain analyzed, use PCR (or other methods) to verify presence of the insertion
element and loss of the wild-type allele in appropriate haploids.

8. Test viable haploid progeny carrying the epitope-insertion element for the desired hypo-
morphic or conditional phenotype, such as temperature sensitivity.

3.3.3. Identifying the Transposon Insertion Site in a Strain of Interest

Several approaches may be used to identify the precise site of transposon insertion
within a strain of interest (e.g., one exhibiting a desired phenotype from the screens
described above). For example, insertion sites may be identified through direct genomic
sequencing of mTn-mutagenized strains using a transposon-specific primer (18). Alter-
natively, PCR-based methods, such as the vectorette approach (19, 20), can be utilized
to identify transposon insertion sites.

In vectorette PCR (Fig. 3), genomic DNA is digested with a blunt-end restriction
endonuclease possessing a 4- to 6-base-pair recognition sequence. Blunt-ended DNA
fragments are ligated to a pair of annealed primers containing a nonhomologous central
region; these primer pairs form “anchor bubbles” flanking each genomic fragment. PCR
is then performed using a primer complementary to the transposon and a primer identi-
cal to the sequence within the anchor bubble. During the initial round of amplification,
only the mTn primer can bind its template; however, during subsequent cycles, the
anchor bubble primer can anneal to the extended mTn primer, resulting in selective
amplification of DNA sequence adjacent to the point of transposon insertion.
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Fig. 3. Identification of transposon insertion sites by vectorette PCR. Here, Alu I is used to
cleave the yeast genomic DNA; however, other endonucleases may be used. Sequences for the
indicated oligonucleotides are included in the Materials section. Note that many oligonucleotide
sequences may be used to reverse prime amplification from the transposon sequence; similarly,
many oligonucleotides may be used to sequence the final PCR product. Thus, these oligonucle-
otide sequences are not indicated in the Materials section.

The vectorette PCR protocol provided below should yield approximately 200 to
400ng of product, constituting sufficient template for 2 to 3 sequencing reactions.

1. Prepare genomic DNA by any standard protocol (Note 11). Digest 5 g of yeast genomic
DNA with a blunt-end restriction endonuclease (such as Alu I) in a total volume of 20 uL.
After overnight digestion, the enzyme is heat-inactivated by incubating 20 min at 65°C.

2. Anneal primers ABP1 and ABP2 to form the adapter anchors by mixing 1 pmol of each
primer in 200 UL of annealing buffer containing 10mM Tris, 10mM MgCl,, and 50 mM
NaCl. Heat the primer mixture for 5min at 95°C and cool slowly to 37°C.
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3. Ligate adapters to the DNA fragments by adding 1 uL of the annealed primers, 0.25 uL of

10mM ATP, 3uL of 10X restriction buffer used in the digest, and 24.25uLL H,O to the
20-uL restriction digest mixture from step 1. Incubate the ligation reaction overnight at
16°C.

Perform a standard 100-uL PCR reaction using 5 uL. from the ligation mixture, 2.5 UL each
of the UV primer and a reverse primer complementary to the transposon at 20uM, 5U of
thermostable polymerase, and 1 UL of deoxynucleotide triphosphates (ANTPs) (at 20mM
each dNTP) in a final volume of 100 uL. The PCR program consists of one cycle of 2min
at 92°C, followed by 35 cycles of 20s at 92°C, 30s at 67°C, and 45 to 180s at 72°C with
a final extension of 90s at 72°C.

Analyze PCR products by gel electrophoresis. Extract and purify each PCR product from
the agarose gel into a final volume of 30uL. TE. Ten microliters of the purified product is
sufficient for one sequencing reaction.

Notes

1.

10.

11.

Essential genes can be screened for haploinsufficiency by introducing the insertion
library into a diploid strain of yeast. After Cre-lox recombination in yeast, the modified
epitope-insertion element can be used to generate conditional mutants in some cases.
Thus, essential genes can also be studied in this manner using the transposon insertion
library.

Upon Not 1 digestion and electrophoresis, a distinct 2.1-kb band (corresponding with the
vector) and broad 8-kb band should be visible: the broad 8-kb band consists of 2- to 3-kb
inserts of yeast genomic DNA carrying the 6-kb mTn construct.

Ideally, choose a diploid yeast strain to screen for desired patterns of gene expression. To
screen for disruption phenotypes, a haploid strain is often used; from previous studies (17),
we estimate that 10% of transposon insertions in essential genes are viable. For the eventual
analysis of epitope-tagged proteins, choose a ura3 leu2 strain, as the pGAL-Cre vector
carries the LEU2 gene.

Use a small quantity of transforming DNA in order to minimize the generation of trans-
formants containing more than one insertion.

. To ensure 95% coverage of the genome (without regard to in-frame reporter activity), screen

30,000 to 50,000 colonies. To identify in-frame insertions within at least 95% of all yeast
genes, screen approximately 180,000 to 200,000 transformants for 3-gal activity.

. Alternate growth conditions (e.g., growth on sporulation medium) may be substituted as

desired.

B-Gal activity is typically observed in 12% to 16% of transformants.

From previous experience, galactose induction results in Cre-mediated excision of the
URA3 marker in more than 90% of cells analyzed.

From a pilot study of 143 heterozygous diploid strains carrying an in-frame epitope-
insertion element in a gene essential for yeast cell growth, 28% of essential proteins
carrying an in-frame transposon-encoded epitope-insertion element retain at least partial
function. Subsequent screening will be necessary to determine whether these epitope-
insertion elements have actually generated conditional mutants. Application of this approach
to generate conditional mutants in essential genes should be initiated with this
understanding.

Routinely, cultures from two independent transformant colonies are used; a culture from a
third colony may be preserved for use later in resolving any conflicting results.

Take care to obtain high-quality DNA, as this is critical to successful PCR amplification.



128 Kumar

Acknowledgments

The author thanks Dr. Michael Snyder, in whose laboratory these protocols were

developed. This work was supported by awards from the March of Dimes (FY05-1224)
and from the American Cancer Society (RSG-06-179-01-MBC) to A.K.

References

1

10

11

12

13

14

15

16

Winzeler, E. A., Shoemaker, D. D., Astromoff, A., Liang, H., Anderson, K., Andre, B.,
et al. (1999) Functional characterization of the S. cerevisiae genome by gene deletion and
parallel analysis. Science 285, 901-906.

Spradling, A. C., Stern, D. M., Kiss, I., Roote, J., Laverty, T., and Rubin, G. M. (1995)
Gene disruptions using P transposable elements: an integral component of the Drosophila
genome project. Proc. Natl. Acad. Sci. U.S.A. 92, 10824—-10830.

Martienssen, R. A. (1998) Functional genomics: probing plant gene function and expression
with transposons. Proc. Natl. Acad. Sci. U.S.A. 95, 2021-2026.

Alonso, J. M., Stepanova, A. N., Leisse, T. J., Kim, C. J., Chen, H., Shinn, P., et al.
(2003) Genome-wide insertional mutagenesis of Arabidopsis thaliana. Science 301,
653-657.

Kamath, R., Fraser, A. G., Dong, Y., Poulin, G., Durbin, R., Gotta, M., et al. (2003) Sys-
tematic functional analysis of the Caenorhabditis elegans genome using RNAi. Nature 421,
231-237.

Mnaimneh, S., Davierwala, A. P., Haynes, J., Moffat, J., Peng, W. T., Zhang, W., et al.
(2004) Exploration of essential gene functions via titratable promoter alleles. Cell 118,
31-44.

Huh, W. K., Falvo, J. V., Gerke, L. C., Carroll, A. S., Howson, R. W., Weissman, J. S.,
and O’Shea, E. K. (2003) Global analysis of protein localization in budding yeast. Nature
425, 686-691.

Kumar, A., Agarwal, S., Heyman, J. A., Matson, S., Heidtman, M., Piccirillo, S., et al.
(2002) Subcellular localization of the yeast proteome. Genes Dev. 16, 707-719.
Ross-Macdonald, P., Coelho, P. S., Roemer, T., Agarwal, S., Kumar, A., Jansen, R., et al.
(1999) Large-scale analysis of the yeast genome by transposon tagging and gene disruption.
Nature 402, 413-418.

Davierwala, A. P., Haynes, J., Li, Z., Brost, R. L., Robinson, M. D., Yu, L., et al. (2005)
The synthetic genetic interaction spectrum of essential genes. Nat. Genet. 37, 1147-1152.
Hazbun, T. R., Malmstrom, L., Anderson, S., Graczyk, B. J., Fox, B., Riffle, M., et al.
(2003) Assigning function to yeast proteins by integration of technologies. Mol. Cell 12,
1353-1365.

Kumar, A., Seringhaus, M., Biery, M., Sarnovsky, R. J., Umansky, L., Piccirillo, S., et al.
(2004) Large-scale mutagenesis of the yeast genome using a Tn7-derived multipurpose
transposon. Genome Res. 14, 1975-1986.

Mosch, H. U., and Fink, G. R. (1997) Dissection of filamentous growth by transposon
mutagenesis in Saccharomyces cerevisiae. Genetics 145, 671-684.

Giaever, G., Chu, A. M., Ni, L., Connelly, C., Riles, L., Veronneau, S., et al. (2002) Func-
tional profiling of the Saccharomyces cerevisiae genome. Nature 418, 387-391.

Biery, M., Stewart, F., Stellwagen, A., Raleigh, E., and Craig, N. (2000) A simple in vitro
Tn7-based transposition system with low target site selectivity for genome and gene analy-
sis. Nucleic Acids Res. 28, 1067-1077.

Bachman, N., Biery, M., Boeke, J., and Craig, N. (2002) Tn7-mediated mutagenesis of
Saccharomyces cerevisiae genomic DNA in vitro. Methods Enzymol. 350, 230-247.



Multipurpose Transposon Insertion Libraries for Analysis in Yeast 129

17 Kumar, A., des Etages, S. A., Coelho, P., Roeder, G., and Snyder, M. (2000) High-
throughput methods for the large-scale analysis of gene function by transposon tagging.
Methods Enzymol. 328, 550-574.

18 Horecka, J., and Jigami, Y. (2000) Identifying tagged transposon insertion sites in yeast by
direct genomic sequencing. Yeast 16, 967-970.

19 Riley, J., Butler, R., Ogilvie, D., Finniear, R., Jenner, D., Powell, S., et al. (1990) A novel,
rapid method for the isolation of terminal sequences from yeast artificial chromosome
(YAC) clones. Nucleic Acids Res. 18, 2887-2890.

20 Kumar, A., Vidana, S., and Snyder, M. (2002) Insertional mutagenesis: transposon-insertion
libraries as mutagens in yeast. Methods Enzymol. 350, 219-229.






9

How to Make a Defined Near-Saturation Mutant Library.
Case 1: Pseudomonas aeruginosa PAO1

Michael A. Jacobs

Summary

We have constructed a near-saturation level mutant library for Pseudomonas aeruginosa strain PAO1
using Tn5-derived transposons mapped to the PAO1 reference sequence. This chapter describes the high-
throughput techniques used to generate and map the mutant strains. In addition, an analysis of the utility
of this collection is presented based on changes to the annotation for the PAO1 genome in the past years,
as well as the citation record for this collection. It is clear that many avenues of research have been
accelerated by this collection and that additional large mutant strain collections will further aid in defining
gene function and biological processes in pathogens.

Key Words: high-throughput; mutant library; PAO1; Pseudomonas; transposon.

1. Introduction

1.1. Utility of Defined Mutant Collections

One of the many exciting opportunities in the genomics era is to use the newly avail-
able genome sequence and bioinformatics tools to vastly accelerate the pace of gene
function discovery. In microbial research, the standard for determining gene function
remains mutant analysis. Two main paradigms have defined this field: forward and
reverse genetics. Both methods have contributed immensely to our understanding of
gene function in the microbial world. For Pseudomonas aeruginosa, the current annota-
tion (as of May 12, 2006) contains 5570 open reading frames (ORFs), and only 42%
remain classified as “Hypothetical, unclassified, unknown” (Pseudomonas aeruginosa
Community Annotation Project).

There is clearly a long way to go, and progress remains hard-won, but the pace of
discovery has been increasing greatly in the past 2 years. In the time between the origi-
nal annotation table (September 1, 2000) and the current table (June 19, 2007), the
number of unclassified genes has decreased from 2381 to 2053. This is a significant
improvement since 2004 when the number of unclassified genes was 2370. Much of
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Fig. 1. Changes in annotation. The number of open reading frames (ORFs) in each functional
class category is compared between the original published annotation (1) and the annotation
table as of May 2006, available at the Community Annotation Project managed by the labora-
tory of Fiona Brinkman (www.pseudomonas.com).

this change may be attributed to a large increase in the number of genes that have been
assigned to “membrane proteins” (Fig. 1).

We have used the complete genome sequence of Pseudomonas aeruginosa PAO1
(1) to map a near-saturation collection of defined mutant strains (2). This defined set
of strains allows a significant acceleration of discovery using either forward or reverse
genetic techniques. Forward genetic approaches of screening the collection are vastly
aided by the knowledge about where individual strains contain their transposon inser-
tion. From a reverse genetic standpoint, researchers may quickly obtain mutants from
the collection in all genes of interest identified by bioinformatic analysis. It is our hope
that distributing the strains to other researchers will help accelerate the research effort
overall (see Notes section). Since we started shipping mutants until we shut down to
transfer the shipping responsibilities (November 2003 through February 2006), we
shipped a total of 9236 strains to 217 different researchers in 103 cities in 19 different
countries and 28 states within the United States.

1.2. Hurdles to Production

There are a variety of challenges facing researchers who choose to create a large
defined mutant collection for a given microbe. The two main categories of challenges
are cost and scale-up.


www.pseudomonas.com
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Overall, the cost of sequencing and polymerase chain reaction (PCR) reagents
is decreasing, and collaborating with a genome center may significantly reduce
the reagent cost of the project. Currently, our total reagent cost per hit is $1.11 at the
UW Genome Center (Table 1, includes failure rate of 20%). Advances in shrinking
reaction sizes and optimizing reagent efficiency with new sequencing machines
will likely reduce that cost further. Even so, this is a major price tag for a small lab.
On the NCBI Web site (http://www.ncbi.nlm.nih.gov/genomes/MICROBES/Complete.
html), there are nearly 400 completely sequenced microbial genomes with an average
size of 3.2Mbp. If the average gene size is 1000bp, this leaves the researcher with
3200 genes to knock out. Saturation is approximated at a coverage of 5X, requiring
16,000 insertions, which may cost up to $18,000 per genome. Though large, these
prices are not insurmountable, especially given the obvious practical benefit of
defined saturated mutant collections (see above). However, these prices are absolutely
dependent on the researchers’ ability to scale up mutagenesis and mutant mapping
in a manner currently practiced mainly at genome centers. Without truly high-
throughput technology, the labor and time costs of building these libraries will be
unfeasible.

Scaling up the process of creating defined mutants can be divided into two parts:
mutant generation/arraying and mapping. Mutagenesis is easily scaleable. Even the
most complex mutagenesis protocols usually produce many individual mutants, a pro-
perty that has enabled phenotype screens using saturated mutagenesis for decades. The
main challenge then is to array the individual mutants into high-throughput format for
mapping purposes and for long-term storage and individual mutant recovery. For this
purpose, a colony-picking robot is a helpful, if not an essential, tool. We used the Qpix
robot from Genetix Ltd. (Hampshire, UK). This robot (described in the Methods
section) arrays thousands of colonies into 384-well plates quickly and efficiently.
Arraying colonies by hand is slow, but feasible, depending on time and labor cost
constraints. In addition, hand arraying into 384-well format is error-prone compared
with the robot. Once colonies are arrayed into plates, they may be easily stored at —80°C
until needed for colony PCR, to recover individual mutants, or to replicate the whole
plate.

Mapping the mutants to a defined genome location is made feasible by using a fin-
ished reference genome. For our Pseudomonas aeruginosa genome, the transposon-
genome junctions were amplified using semidegenerate nested PCR and sequencing
techniques. These techniques were all easily adapted to 384-well format. Sample track-
ing and data analysis require some bioinformatics expertise. Sample tracking is critical
and may be automated or may require that researchers prepare a spreadsheet for each
plate to be sequenced. Once the data are generated, the sequence traces (chromats) must
be analyzed for quality and then their transposon/genome junctions found. The natural
tool for automating this process is a PERL script, which can combine all tasks into one
process. Output from the PERL script must be stored in a relational database for further
analysis.

The researcher interested in pursuing this activity therefore must have access to
high-throughput machinery, a moderate level of computer expertise (or good access to
someone who does), and a sufficient budget to carry out the project.


http://www.ncbi.nlm.nih.gov/genomes/MICROBES/Complete.html
http://www.ncbi.nlm.nih.gov/genomes/MICROBES/Complete.html
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Table 1

Cost of Reagents for High-Throughput Mapping Transposon Mutants to a Reference Genome

Reagent/amount Cost Per reaction Cost/reaction 384 plate (PCRx2) Per hit
TSG polymerase 600U $128.69 0.5U $0.11 $82.36

dNTPs 100uL. 10mM $35.00 0.2uL $0.07 $53.76

Primers 2 x 50 nmol $35.00 5 pmol $0.00 $1.34

Total PCR cost $198.69 $0.18 $137.47

SAP 1000U $110.00 2U $0.22 $84.48

Exonuclease 2500 U $64.00 10U $0.26 $98.30

Total cleanup cost $174.00 $0.48 $182.78

Template prep cost $372.69 $0.65 $320.25

BDT 3.1 25,000 Rxns $79,000.00 1/16th rxn $0.20 $75.84

Primer 50 nmol $17.00 5 pmol $0.00 $0.65

Sequencing cost $79,017.00 $0.20 $76.49

Current success rate 80%

Pipetting loss 5%

Resulting multiplier 1.3

Inclusive reagent cost per hit $1.11

Reagents comprise a significant portion of the cost of generating a large defined mutant library. PCR, template preparation, and sequencing reagents are
shown above, and the approximate cost per hit is calculated given average loss and failure rates of 5% and 20%, respectively.

sqooef
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Table 2

Equipment Needed to Produce a Large Mutant Collection in High-Throughput Scale
Equipment required for high-throughput mutant mapping Approx. cost
Picking robot: automated arraying of clones into 384-well format $200,000-$500,000
384-well thermocycler $5,000-$20,000
Multichannel pipette $1,000

ABI 3730 Autosequencer $200,000

2. Materials

1. Critical pieces of high-throughput equipment required are given in Table 2.

2. 1xfreezer University of Washington Genome Center (UWGC) medium: To a final volume
of 4L, dissolve in de-ionized water, 40 g tryptone-peptone, 20 g yeast extract, 40g NaCl,
25.2 g K,HPO,, 7.2 g KH,PO,, 2.0 g sodium citrate, 3.6 g (NH,),SO,, and 176 mL glycerol.
Split the 4-L batch into 1-L aliquots, hold in 2-L bottles for autoclave, and autoclave with
a 1-h sterilization time. Cool to room temperature before use, add required antibiotics.
Chemicals are standard and may be purchased from any vendor, such as Sigma-Aldrich
(St. Louis, MO). (See Note 5 for alternate media.)

Tetracycline in a final concentration of 20 ug/mL (Sigma-Aldrich).

Chloramphenicol in a final concentration of 10ug/mL (Sigma-Aldrich).
5-Bromo-4-chloro-3-indolyl phosphate (X-phosphate; Sigma-Aldrich).
5-Bromo-4-chloro-3-indolyl-f-D-galactoside (X-gal; Sigma-Aldrich).

384-Well microtiter plate with cover (Genetix Limited).

Qrep 384 Pin Replicators (ISC Bio Express, Kaysville, UT).

Bioassay dish, case of 20 (Nunc; available from VWR, West Chester, PA).

Nalgene Filter: Nalgene catalog no. 126-0045 (available in the United States from
VWR).

11. Tsg DNA polymerase (Lamda Biotech, St. Louis, MO).

ORI AW

—_—

3. Methods

Many of these methods have been previously summarized in Bailey and Manoil (3),
Jacobs et al. (2), and Jacobs and Manoil (4). The main innovation for this project was
adapting small-scale mutagenesis mapping protocols to high-throughput equipment.
The overall process schematic can be found in Figure 2.

3.1. Transposon Mutagenesis

Two Tn5-derived transposons were modified to confer tetracycline resistance and
included the phoA marker gene for identification of exported fusion proteins or the lacZ
gene for detection of cytoplasmic proteins. In both cases, the transposons make trans-
lational fusions when the transposon lands in the correct orientation and frame in an
expressed gene. Fusions in phoA require that the protein be secreted to be detected, and
lacZ fusions are detectable primarily when the transposon gene (and resulting fusion)
is expressed cytoplasmically. Both transposons contain flanking /oxP elements to allow
conversion into a small 63-codon insertion encoding the influenza hemagglutinin (HA)
epitope and a hexahistidine motif. In addition, the transposons contain an outwardly
directed promoter element at their 3" ends to minimize polar effects.
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Process Schematic: Generation, analysis, and maintenance of a saturated mutant library in

Pseudomonas aeruginosa PA01
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Fig. 2. High-throughput mutagenesis and mapping. A process schematic describing the
scheme we used to array and map random transposon mutants. Parts of this figure were originally
published as Figure 3 in Ref. 4 (p. 125) and are reproduced here with kind permission of Springer
Science+Business Media.

Arraying: Robot-assisted colony selection and arraying into
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Conjugation-generated insertions in the PAO1 chromosome were generated by
mating a wild-type PAOI strain (obtained from B. Iglewski, University of Rochester
Medical Center, Rochester, NY) referred to as MPAO1, with strain SM10pir/pCM639
(for ISphoA/hah insertions) or SM10pir/pIT2 (for ISlacZ insertions).

The following transposon mutagenesis protocol, refined by Larry Gallagher,
Ashley Alwood, and Colin Manoil (University of Washington, Seattle, WA) was
used:

1. Grow overnight cultures of MPAOI in LB (tryptone (10g/L), yeast extract (5 g/L), NaCl
(10g/L) plus 15g/L agar) at 42°C without aeration. Grow Escherichia coli SM10 pir/
pCM639 or pIT2 at 37°C with aeration in LB supplemented with 100 ug/mL ampicillin.

2. The next day, dilute the E. coli strain 1:10 in fresh LB-amp and grow 45 min at 37°C with
aeration.

3. Mix 0.5mL of the PAOI1 and E. coli strains and immediately filter through presterilized
Nalgene Analytical Test Filter Funnel (0.45-um nominal pore size). (Do not forget PAO1
alone and E. coli alone as controls.) Wash with 1 mL. 10mM MgSO,. Place filter on a pre-
warmed TYE (or LB agar) plate using sterile forceps.

4. Incubate 1 to 2h at 37°C.

5. Remove filter with forceps and place in a large sterile test tube containing 1 mL. LB. Vortex
thoroughly, checking that cell mass is washed into broth.

6. Plate undiluted (as well as 1:10 and 1: 100 diluted cells until the titer is standardized) on
(dry) TYE agar containing 10ug/mL chloramphenicol (to counterselect against the E. coli
donor strain) and 60ug/mL tetracycline. When plating on large bioassay plates (Nunc;
available from VWR), you may plate the entire mL wash from step 5 undiluted. For detec-
tion of fusion proteins, include the following in your agar plates: X-phosphate (5-bromo-
4-chloro-3-indolyl phosphate) for detection of active phoA fusions, or X-gal
(5-bromo-4-chloro-3-indolyl-B-p-galactoside) for lacZ fusions. Incubate in darkness for 2
to 3 days until resistant colonies are developed and average 2 to 3mm in diameter.

3.2. Arraying

Individual strains were arrayed into 384-well freezer plates using a Qpix colony
picking robot (Genetix Ltd.). Using the Qpix, colonies on the bioassay plates (Nunc)
were photographed by a grayscale camera, which identifies the colonies and shows the
analysis to the user through a graphical interface. These colonies were then picked
using a 96-pin picking head. Either blue or white colonies may be picked exclusively
during a run by using the grayscale threshold image analysis software that runs
the Qpix (Note 1). For each run, a negative control was performed to determine if
cross-contamination occurred by incomplete pin sterilization during picking. Colo-
nies were arrayed into 384-well plates, each with 80uL UWGC freezing medium
(however, see Note 2) with 20 ug/mL tetracycline and 10 pg/mL chloramphenicol as
follows:

1. Aliquot freezer medium into 80-pL amounts in 384-well freezer plates or PCR-tube strips.
Store at 4°C wrapped in Saran Wrap and aluminum foil.

2. Inoculate by toothpick, sterile pipette tip, or Qpix pin.

3. Let grow overnight at 37°C and then place in the —80° freezer for long-term storage
(Note 3).
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3.3. PCR and Sequencing

Protocols for PCR and sequencing were summarized in Jacobs et al. (2). The
supplementary methods from that publication contains detailed descriptions of the
PCR and sequencing methods, primer sequences, and thermocycler settings and
may be accessed at: http://www.genome.washington.edu/UWGC/pseudomonas/pdf/
Supplementary_Methods.pdf.

3.4. Mapping: PERL Scripts

Manual determination of the junction point may be accomplished easily by finding
the last base of the transposon sequence, trimming off the transposon sequence, and
using BLAST to compare the remainder to the P. aeruginosa genome. The first 1000
sequencing chromatograms (chromats) from this project were mapped individually and
then compared with the automated script described below. Though simple, manual
mapping of junctions is time-consuming and is not readily scalable into the 10,000 to
50,000 range.

Automating the analysis of sequence data was readily accomplished by implementa-
tion of a custom-designed PERL script. Our model script was written by David Spencer
(2), and a basic flow chart is shown in Figure 3. This single script can assess the quality
of the sequence trace, find the vector-genome junction, map the junction to a reference
genome, and reference the map point to annotation data (such as ORF start and stop
coordinates and ORF function). Several inputs are necessary: a reference genome, the
reference transposon sequence (at least at the junction), and an annotation table for the
genome.

A series of simple algorithms are applied to the chromatograms in order to determine
the genomic coordinate of the transposon/genome junction at the 5” end of the trans-
poson. For each chromat, the script uses Phred to determine quality (5, 6) and then
exports a text file of the sequence to a defined directory. Cross-match, using the Smith-
Waterman algorithm (7), is used to find the last base in the text sequence file to match
the transposon sequence. If the last matching base of the chromat corresponds with the
last base of the reference transposon sequence, then the junction is called “Exact” (this
occurred in 83% of trials). Otherwise, an “Adjusted” call is made (7% of trials), and
the script outputs the number of bases missing in the transposon sequence. If the trans-
poson sequence is not found, the output for junction says “None” (10% of trials). For
all cases, the script outputs a text sequence file, and when it finds the transposon
sequence, it also outputs a “screened” file with the transposon sequence removed. Next,
the script uses the screened file, or if none is available, the sequence file, to cross-match
against the reference PAO1 genome. If the first base of the sequence to match the
genome is also the first base after the transposon sequence, then the genome position
call is “Exact” (58% of trials), and a determination about the frame of the inserted
fusions may be made. Only insertions with a frame of “+2” are strictly competent to
make a translational fusion (sloppy expression of tags is possible and likely happens).
If an Exact genome position is not available, then an “Estimate (X)” position is
returned, with the parenthetical “(X)”value equal to the number of bases in the chromat
between the last base of the transposon match and the first base of the genome
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Flow chart for automated junction determination

Chromats come from the sequencer

Phred: Determines quality
outputs sequence file

INPUT:

Sequence .seq file
Reference transposon sequence

Crossmatch compares .seq
to transposon file

.screen file, transposon trimmed off
OR .seq file if no .screen file exists

INPUT:
Reference genome sequence

Genome Coordinates

INPUT:
Reference Annotation Table

Final output: .tab-delimited file

Fig. 3. Automated transposon insertion mapping. A flowchart describing the PERL script
used to map transposon insertion, originally written by David Spencer. Parts of this figure were
originally published as Figure 4 in Ref. 4 (p. 127) and are reproduced here with kind permission
of Springer Science+Business Media.

match. Once a genome coordinate for the insertion has been determined, it is used
to retrieve data from the annotation, including: PA ORF number, gene name, gene
function (both the long form of the gene name and also the broad functional category
as assigned in the annotation table), position relative to the gene in bases and codon
number, and the frame of the insertion (as mentioned above). Intergenic hits create a
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duplicate record with the position relative to the two adjacent ORFs noted in subsequent
records.

The data output is in a tab-delimited .txt file, which allows automated import into
the database. Log files are generated that tabulate the number of times the transposon
was found and the number of successful matches to the genome within a run. These
log files are useful for real-time determination of success rate, which is critical during
troubleshooting.

3.5. Basic Description of the Produced Mutant Collection

The UWGC Pseudomonas aeruginosa library is described in Jacobs et al. (2) and
in Jacobs and Manoil (4). Physically, one copy of the collection is housed in 110,384-
well freezer plates, which are easily housed in two standard 66-plate racks (approxi-
mately one-half of a shelf in an upright —80°C degree freezer), corresponding with
42,240 wells (Note 4). Several plates were sequenced more than once, and the overall
success rate was 80%, success being defined as a genome location identified for the
site of transposon insertion. Once failed attempts, siblings, and discrepant positions had
been screened out, 30,100 unique insertion locations had been identified.

3.5.1. Candidate Essential Genes

Six hundred seventy-eight ORFs were never hit by a transposon insertion. We des-
ignated these ORFs as “Candidate Essentials.” As described in Ref. 2 and in Chapter
22, statistical analysis suggests that approximately half of these ORFs are likely to be
truly essential. Our bioinformatic analysis (2) consisted of a BLAST comparison of all
P. aeruginosa ORFs with those from E. coli in the PEC database (http://www.shigen.
nig.ac.jp/ecoli/pec/index.jsp; Chapter 29). The overall conclusions from the results
were that about one-half of the candidate essential genes had a strong homologue to a
known essential gene in E. coli. This result was consistent with the statistical analysis
predicting the total number of essential genes to fall between 300 and 400. Sophisti-
cated bioinformatic analysis is ongoing in collaboration with other laboratories that
have developed resources described in this book.

3.6. Database Construction

The most effective method for storing and analyzing large data sets was determined
to be a relational database. We selected the Microsoft Access database for ease of setup
and the ability to create Visual Basic modules for accelerating analysis and data import.
PERL script output is in a tab-delimited text file (see above) and is imported and
appended to the main data table via a data capture form that integrates the import and
appending functions. Though creating this form is a minor project, its utility is twofold:
convenience of data import and elimination if errors caused by manual import. With
large data sets, it is less likely that small errors will be noticed.

The most common analysis desired was to determine the number of unique insertion
locations. A Visual Basic module was written by Stephen Ernst (UW Genome Center)
to accomplish this goal. The module eliminates null records (no sequence match to
genome—usually due to sequencing failure), eliminates duplicate records (due to inter-
genic hits, above), counts the number of “siblings” (identical insertion locations—these
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may be true siblings or may be due to cross-contamination), and accounts for resequenc-
ing duplications. This analysis requires that only one representative from each insertion
location be counted, so multiple insertions at the same location are sequestered into a
separate “Sibling” table, and only the first representative is kept in the “Unique Inserts”
table. Occasionally, resequencing returned discrepant results. In these cases, both
records were sequestered to a “Discrepancy” table and were not counted as unique
inserts.

3.7. Quality Determination

The main quality determination to be made in a large mutant collection is whether
it is verifiable that transposon insertions are accurately mapped to the correct well
within a plate of strains. To determine this, we designed custom primers oriented toward
the transposon insertion for a randomly selected subset of clones. The general scheme
of primer design is given in Figure 4. A positive PCR product indicated the presence
of a transposon insertion at the mapped position; however, positive results may not
identify wells that contain multiple strains and also will not identify strains with mul-
tiple transposon insertions. A second primer completing the flanking of transposon
insertion point will be informative of whether there are intact genomic segments, which
usually is indicative of the presence of another strain in the well.

A total of 112 strains were screened specifically for quality control (QC) purposes,
107 (96%) of which were confirmed by the above analysis. A few strains were also

Custom Primer design scheme: for Transposon QC Analysis

Case 1: Forward Orientation

Genome Location: transposon
TOP
START sTo insertion

I I —>
| — |
X-500 PCR Primer X

Case 2: Reverse Orientation

Genome
Location START STOP
| Y |
X PCR Primer

X +500

Fig. 4. Primer design for PCR confirmation of transposon insertion location. A design
scheme is presented for PCR experiments that will confirm the presence of a mapped transposon
insertion.



144 Jacobs

confirmed by flanking PCR, showing that the intact gene has been deleted. Other tech-
niques were used to confirm the identity, including restreaking fusion protein-producing
clones on indicator medium. Several recipients of strains have confirmed the mapped
position of strains via these methods and also have reported mixed strains in some
cases. In many cases, a second mutant in the gene of interest is available for strains
where ambiguous QC results occur.

3.8. Strain Maintenance

Strains are maintained in freezer plates stored at —80°C. It is recognized that this
is not an absolutely permanent storage solution. We have found that glycerol stocks
of Pseudomonas aeruginosa lose viability if stored under these conditions over time.
Plates may be thawed and replicated using 384-pin replicators. It is prudent to maintain
several copies of the library. We maintain three copies at the UW genome center: the
original copy, a backup copy (in a separate freezer), and a copy that is used for strain
distribution (see below).

Further optimizations of long-term storage protocols are under way, including storage
in DMSO stocks, using deep-well freezer plates, and airtight seals on the plates.

3.9. Visual Phenotype Scoring

Any phenotype for which a simple screen is available may be scaled up to 384-well
format. Phenotypic analysis was initiated with the primary goal of determining whether
the mutant collection would accurately reflect the genomic bases of two known biologi-
cal processes: twitching motility and growth on minimal medium. We chose two simple
visual phenotypes: the lack of twitching motility and no growth on minimal medium.
The genes responsible for these two processes have been well characterized in previous
studies (13). We recovered insertions in nearly all the genes known to be responsible
for these genotypes and concluded that screening the collection for easily visualized
mutants yielded results consistent with previous forward-genetic screens. For these
phenotypes, a qualitative +/— score is sufficient, although there are occasional subtleties.
To score colonies, we used a metal 384-pin replicator to transfer a small subsample
from each well of a freezer plate onto solid medium (such as LB agar), poured in plates
the same shape as freezer plates. These plates were grown under standardized condi-
tions and then digitally photographed under standardized conditions. Digital photo-
graphs were scored manually, and scores were entered into the database according to
well number.

Quantitative scoring of growth phenotypes using image analysis tools as have been
applied in yeast (8) and chemical scoring of clones should be easily adaptable to 384-
well format such as that described in Bochner et al. (9). A detailed description of phe-
notype screening and the lessons learned from this are summarized in Jacobs and
Manoil (4). One of the main lessons we learned was that the redundancy of the collec-
tion, an average of 5 hits per gene that was hit at least once, was very critical in deter-
mination of phenotypic response to mutagenesis for a given gene. In addition, screening
for positive phenotypes was far more likely to allow clear determination of genetic
correlation.
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3.10. Strain Distribution

A primary purpose of the library is to distribute the strains to researchers who may
use them individually to assess the biological consequences of mutant phenotypes.
Whereas high-throughput phenotype assessment requires a simple screen, the reverse-
genetic approach in which candidate genes are screened in more complicated assays,
such as animal pathogenesis models, require screening individual clones separately.

Shipping Pseudomonas aeruginosa, a class 2 pathogen, is subject to U.S. and inter-
national law. A major concern is to keep abreast of changing regulations, including
those requiring costly shipping containers. Our standard procedure was to maintain two
sets of strains specifically designated for shipping purposes, a “parent” and “working”
stock. The parent stock was replicated into the working stock. Each freeze/thaw cycle
of the working stock plate was tracked, and after 10 cycles, the parent plate was repli-
cated, and the new replicate was designated as the new parent stock, and the old parent
stock became the new working stock. This type of rotating system allowed the smallest
number (although still significant) of plate replications. Plate replication in 384-well
format is a major concern, due to the close proximity of wells, which makes well-to-
well contamination a significant threat. We have been able to retrieve the clone of
interest from wells that were contaminated in most cases, with the important exception
of wells whose original sequence quality was poor (Section 3.11). In any event, the far
roomier 96-well format would allow both a more robust volume of glycerol stock to
be maintained as well as a greater distance between wells.

We were able to ship nearly 9000 individual strains from the collection along with
the parent strain, totaling 9236 stains shipped between November 2003 and February
2006. At that time, our funding to support the strain distribution effort ended. We are
currently searching for more support for this effort or for a centralized strain distribu-
tion center (such as ATCC) that can handle the shipping.

3.11. Strain Curation

At the time of this writing, we are in the process of curating the collection to the top
two strains per ORF. Several criteria were used, including the location of the insertion
relative to the ORF (to ensure the likeliest possibility of functional disruption), the
orientation and frame of the insertion (to maximize the presence of fusion strains), and
the use of the best original data from the high-throughput sequencing. We found that
high-quality hits were the most repeatable and the most likely to be retrieved. It is likely
that low-quality mapping scores in the original data set could have been due to cross-
contamination, multiple insertions per cell, or other random processes. By scoring the
insertions for the highest quality of sequence, we have been able to achieve approxi-
mately 90% resequencing success rate (unpublished data, M. Jacobs). The curation
algorithm was developed by looking individually through the first 1000 genes and
picking the top two by hand. Then, a numerical algorithm was written to reproduce
those results and was applied to those and the remainder of the ORFs. Development of
curation algorithms would likely vary from library to library. Finally, it is also impor-
tant to keep in mind that the high redundancy of the collection has proved invaluable
in recovering phenotypically relevant mutants.
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3.12. Conclusion

Using the reference genome as starting material, it has been possible to create a
resource that is useful both in genomic applications and in accelerating the rate at which
mutants are obtained in candidate genes of interest (Notes 5, 6, and 7). By generating
a defined mutant collection, phenotypic consequences of different alleles in the same
gene may be followed. Our mutant collection was engineered with transposons that
allow excision using the Cre/loxP recombination system, which will delete the antibi-
otic selection conferred by the insertion and leave behind an epitope tag. Thus, double
mutants may be made. By using high-throughput technology, it is relatively simple
to produce such a collection. Large collections such as this one function importantly
as central resources that are able to tie together bioinformatics and experimental
techniques.

Notes

1. Blue/white selection and fusion expression: Colonies were plated on indicator medium and
were selected as either white or blue colonies. Blue/white selection was accomplished using
the image analysis software that controls the Qpix robotic colony picker. It was noticed that
occasionally the robot picked colonies of the wrong color, but it was generally accurate, if
imperfect. Of the ORFs that received in-frame phoA fusions, only 727 of 1125 produced blue
colonies. Given that phoA fusions generally require secretion for expression of the blue color,
it is not surprising that many fusions do not create a blue color. ORFs with in-frame lacZ
insertions had a roughly even proportion of blue and white colonies (with 49 ORFs producing
both colors in different insertions).

2. We have recently switched to plain LB medium, plus 20 ug/mL tetracycline, and 10 ug/mL
chloramphenicol, plus 5% DMSO as a replacement for this freezing medium for Pseu-
domonas. We have found that this new medium works equally well for survival (cultures
did not show deterioration after 10 freeze/thaw cycles, and 1 year frozen), and also that
the DMSO appears to reduce the “biofilm” nature of many mutant strains (wherein the
whole culture in a well will stick to a plastic pipette tip during manipulation). One note:
Using 5% DMSO was effective in reducing the biofilm-like phenotype for the collection,
which in turn helped reduce the cross-contamination due to large globs of cells clinging to
the pin replicators. For Pseudomonas, the author would highly recommend DMSO over
glycerol.

3. For high-throughput analysis, it is critical to carefully track plates to make sure that the
correct plate is tied together with sequencing results downstream. As opposed to a shotgun-
sequencing project, each well must be correctly associated with all sequencing reads that
originate from it, or its downstream value for recovering individual clones or phenotyping
will be lost.

4. The decision of when to stop mapping inserts is based on determining how many hits in new
ORFs will be returned when searching 384 new strains (Chapter 22). Sequencing the 110th
plate of mutants, we saw only about 30 or fewer new ORFs hit per 384 trials. In addition,
we had an average of 5.75 hits per ORF that had been hit at least once, and 5.05 hits on
average per every predicted ORF in the genome.

5. Use of the collection to define gene function: One of the more interesting results of produc-
ing this mutant library has been watching which categories of mutants are most popular.
When the strains sent are categorized by functional category in Table 3, we see that a lot of
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Table 3

Changes in Annotation in Requested Strains
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Functional class

Functional class

Putative ORF function 2000 2006
Adaptation, protection 260 630
Amino acid biosynthesis and metabolism 224 297
Antibiotic resistance and susceptibility 115 36
Biosynthesis of cofactors, prosthetic groups 45 207
Carbon compound catabolism 118 85
Cell division 6 9
Cell wall/LPS/capsule 256 345
Central intermediary metabolism 79 101
Chaperones and heat shock proteins 77 13
Chemotaxis 309 102
DNA replication, recombination, modification 275 245
Energy metabolism 211 236
Fatty acid and phospholipid metabolism 114 64
Hypothetical, unclassified, unknown 2303 1560
Membrane proteins 57 1463
Motility and attachment 430 361
Nucleotide biosynthesis and metabolism 30 56
Protein secretion/export apparatus 210 201
Putative enzymes 472 455
Related to phage, transposon, or plasmid 112 87
Secreted factors 392 419
Transcription, RNA processing, and degradation 10 11
Transcriptional regulators 912 1015
Translation, posttranslational modification 143 110
Transport of small molecules 1136 522
Two-component regulatory systems 677 343

Many of the strains that have been requested have had changes to the annotation in their associated
ORFs in the time period between 2000 and 2006. For example, 2303 strains have been sent (including
duplicated strains to different researchers and multiple mutants within the same gene) that were annotated
as unclassified in 2000, but only 1560 of those strains would still have their parent ORFs unannotated. Of
the 8973 mutant strains sent since November 2003, 3550 strains are in genes that have had updates to their
annotations at least equivalent to changing the functional class for the ORF.

the action in terms of updating the annotation table corresponds closely with the strains we
have shipped. Many of the strains shipped correspond with mutants in genes that have had
their functions further defined in the time between the original annotation and the current
annotation as of May 2006. Much of this change has been in the past 2 years. Different
functional classes of genes remain highly differential in their popularity among researchers,
as shown in Table 4. Exported genes are particularly differential, especially as they relate
to host-recognition and the resulting immune response functions (8). Of the individual ORFs,
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Table 4
Popular Functional Class Categories

Strains Strains Relative
Function class shipped available proportion
Chemotaxis 102 120 85%
Secreted factors 419 502 83%
Motility and attachment 361 445 81%
Adaptation, protection 630 838 75%
DNA replication, recombination 245 410 60%
Cell wall/LPS/capsule 345 584 59%
Protein secretion/export apparatus 201 346 58%
Two-component regulatory systems 343 649 53%
Antibiotic resistance and susceptibility 36 71 51%
Transcriptional regulators 1015 2089 49%
Biosynthesis of cofactors, prosthetic 207 555 37%
Membrane proteins 1463 5080 29%
Related to phage, transposon, or plasmid 87 339 26%
Transport of small molecules 522 2201 24%
Amino acid biosynthesis and metabolism 297 1372 22%
Nucleotide biosynthesis and metabolism 56 259 22%
Energy metabolism 236 1129 21%
Fatty acid and phospholipid metabolism 64 309 21%
Translation, posttranslational modification 110 583 19%
Chaperones and heat shock proteins 13 75 17%
Cell division 9 52 17%
Central intermediary metabolism 101 606 17%
Putative enzymes 455 2858 16%
Hypothetical, unclassified, unknown 1560 10,491 15%
Carbon compound catabolism 85 611 14%
Transcription, RNA processing 11 263 4%

Of strains available for shipping within a category, a relative difference between the numbers available
shipped exists per category. Of the 120 strains available for genes involved in chemotaxis, 102 were
shipped at least once. At the other extreme, central cell metabolism genes were not requested. Presumably,
it is the cell-surface/antigenic properties of exported genes that make them more popular.

the most-requested ones often do not fall into the most-requested categories, and one can
surmise that this is due to intense interest in these genes’ individual functions (Table 5).

6. Synergy and comparison in multiple collections: Three large collections have now been
produced for Pseudomonas aeruginosa (2, 9, 10). Between the three, there are only 458
ORFs that were not hit in any collection (Table 6). The power of integrating collections is
further illustrated in the GBrowse genome annotation tools developed and available at www.
pseudomonas.com. The utility of different collections in different clinical strains will likely
greatly leverage the power of any individual collection.

7. Publications citing our collection: Finally, the utility of our collection may be judged by the
number of publications where the collection was cited. Since July 2004, the trend has been
upward (Fig. 5).


www.pseudomonas.com
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Table 5

The Most Popular P. aeruginosa Genes in the World

PA ORF Name Product Strains shipped
PA1003 mvfR Transcriptional regulator 55
PA3477 rhIR Transcriptional regulator RhIR 51
PA4525 pilA Type 4 fimbrial precursor PilA 51
PA3724 lasB Elastase LasB 48
PA0996 PasA Probable coenzyme A ligase 46
PA1092 fliC Flagellin type B 40
PA0652 vir Transcriptional regulator Vfr 37
PA3622 rpoS Sigma factor RpoS 37
PA5368 pstC Membrane protein component of ABC phosphate transporter 35
PA4700 mrcB Penicillin-binding protein 1B 34
PAS5367 pStA Membrane protein component of ABC phosphate transporter 32
PA4110 ampC Beta-lactamase precursor 27
PA1871 lasA LasA protease precursor 27
PA3841 exoS Exoenzyme S 27
PA4633 probable chemotaxis transducer 26
PA3478 rhlB Rhamnosyltransferase chain B 25
PA3790 oprC Putative copper transport outer membrane porin OprC precursor 25
PA3617 recA RecA protein 25
PA1001 phnA Anthranilate synthase component I 25
PA1180 phoQ Two-component sensor PhoQ 25
PA1777 oprF Major porin and structural outer membrane porin OprF precursor 25

The number of strains shipped from the UWGC collection organized by parent gene, sorted by the most strains sent.
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Table 6
Candidate Essential Genes

Primary Function (Annotation 2006) UW not-hit Pathogenesis hits PA14 hits Not hit in any collection
Adaptation, protection 5 1 1 4
Amino acid biosynthesis and metabolism 30 11 8 21
Antibiotic resistance and susceptibility 1 1 1 0
Biosynthesis of cofactors ... 41 10 12 31
Carbon compound catabolism 16 11 13 5
Cell division 10 1 4 9
Cell wall/LPS/capsule 25 1 2 24
Central intermediary metabolism 11 3 4 8
Chaperones and heat shock proteins 4 1 1 3
DNA replication, recombination 16 0 3 16
Energy metabolism 31 10 13 21
Fatty acid and phospholipid metabolism 14 3 3 11
Hypothetical, unclassified, unknown 235 86 119 149
Membrane proteins 42 19 27 23
Motility and attachment 1 0 1 1
Nucleotide biosynthesis and metabolism 13 2 3 11
Protein secretion/export apparatus 19 8 5 11
Putative enzymes 31 17 14 14
Related to phage, transposon, or plasmid 9 4 1 5
Secreted factors 7 3 5 4
Transcription, RNA processing 12 1 6 11
Transcriptional regulators 32 20 18 12
Translation, posttranslational 62 9 15 53
Transport of small molecules 12 2 0 10
Two-component regulatory systems 2 1 2 1
Totals 681 225 281 458

Candidate essentials are defined as ORFs for which a mutant was not obtained in a saturation or near-saturation mutant collection. In the UWGC collection,
681 ORFs did not have a hit internal to the open reading frame. However, out of those, 225 were hit in the Pathogenesis collection (unpublished data), and 281
homologues to those were hit in the PA14 collection (Chapter 7; http://ausubellab.mgh.harvard.edu/cgi-bin/pal4/home.cgi). 458 ORFs were not hit in any of
the collections (Note 6). In the UWGC collection, there were additional 106 genes that were only hit in the last 10% of their open reading frames. Overall, 4892
PAO1 ORFs were hit in the UWGC collection, 3908 were hit in the pathogenesis collection, and 3725 PAO1 homologues are included in the PA14
collection.
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Fig. 5. Citations for the UWGC mutant library. The number of citations grouped into
3-month time periods since July 2004 has been increasing. Citations are still occurring
(Note 7).
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Comparing Insertion Libraries in Two Pseudomonas
aeruginosa Strains to Assess Gene Essentiality

Nicole T. Liberati, Jonathan M. Urbach, Tara K. Thurber, Gang Wu, and
Frederick M. Ausubel

Summary

Putative essential genes can be identified by comparing orthologs not disrupted in multiple near-
saturated transposon insertion mutation libraries in related strains of the same bacterial species. Methods
for identifying all orthologs between two bacterial strains and putative essential orthologs are described.
In addition, protocols detailing near-saturation transposon insertion mutagenesis of bacteria are presented,
including (1) conjugation-mediated mutagenesis, (2) automated colony picking and liquid handling of
mutant cultures, and (3) arbitrary polymerase chain reaction amplification and sequencing of genomic
DNA adjacent to transposon insertion sites.

Key Words: essential genes; MAR2xT7; mariner; PA14, Pseudomonas aeruginosa.

1. Introduction

The availability of multiple, nearly saturated mutant libraries in related strains of
a single bacterial species offers the opportunity of identifying orthologous genes that
are nondisrupted in more than one library. The set of nondisrupted genes are putative
“essential” genes. In this chapter, methods are described for creating a nearly saturated
bacterial transposon insertion library including conjugation-mediated mutagenesis,
arraying transposants into plates using a colony-picking robot, and aliquoting mutant
cultures using a liquid-handling robot. Specific guidelines, based on quality control
testing, are described for automated handling of bacterial cultures that minimize cross-
contamination. Methods are also described for identifying transposon insertion sites
using two-step polymerase chain reaction (PCR) amplification of the DNA adjacent to
the transposon insertion site using arbitrary primers and subsequent sequencing of the
PCR products.

This chapter also describes the use of a custom-designed database for automated
DNA sequence analysis. DNA sequences adjacent to transposon insertions are entered
into the database where they are aligned with the genomic sequence of the mutagenized
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strain using the BLAST algorithm. The approximate genomic locus of each insertion
site is determined by the alignment with the best BLAST score. The precise location
of each insertion is determined using a modified Smith-Waterman algorithm that
aligns sequences obtained from each mutant with the 3” end of the transposon sequence.
Once all insertion sites have been located, genes that have been disrupted as well as
those that have not can be identified. Finally, protocols are described that identify
orthologs in two bacterial strains that can be used to detect essential genes based on
the absence of insertion mutants in the orthologs in more than one transposon mutant
library.

The protocols described in this chapter are based on experiments carried out in our
laboratory that were involved in the use of the mariner-based transposon MAR2xT7 to
generate a mutation library in Pseudomonas aeruginosa strain PA14 (1). Nevertheless,
many if not all of the protocols can be readily adapted for generating transposon muta-
tion libraries in most Gram-negative bacterial species.

2. Materials

2.1. Bacterial Strains

1. Recipient strain: the strain to be mutagenized must be A pir-.

2. Donor strain: pirt Escherichia coli strain carrying plasmid containing a transposase, a
compatible transposon that confers antibiotic resistance, additional antibiotic resistance
marker outside of the transposon, and a bacteriophage A pir-dependent origin of replication.
In the case of the P. aeruginosa strain PA14 library (1), the vast majority of mutants were
created with MAR2xT7, a gentamicin-resistant derivative of the Himarl transposon (2, 3).
All protocols in this chapter are based on MAR2xT7 insertion.

3. Helper strain: If the donor plasmid carrying the transposon is mobilizable but not self-
transmissible (mob+ tra-), an E. coli strain carrying a broad-host range helper plasmid
should be included in the mating to facilitate conjugation. For example, pRK2-derived
IncP broad-host range plasmids encode the fra genes necessary for conjugal transfer in
trans (4). If using a helper plasmid, the donor plasmid carrying the transposon requires a
proper mobilization sequence known as the origin of conjugational replication (5). To
mobilize the donor plasmid encoding MAR2xT7, we used a helper strain, E. coli HB101
carrying the pRK2 derivative pRK2013, in all matings.

2.2. Relational Database

1. A relational database in needed to (a) track mutant location, (b) track processing status
information, and (c) analyze sequencing data for each mutant. The database must contain
the genomic sequence of the strain being mutagenized and the coordinates of all predicted
open reading frames (ORFs). The PA14 Transposon Insertion Mutant Database (PATIMDB)
that was developed and used in our laboratory is implemented using the MySQL RDBMS
hosted on a multiprocessor Intel system running RedHat Linux (). The data-entry
application is in Java and runs on Windows 2000. PATIMDB is compatible with different
genome sequences and is adaptable to library construction applications in other organisms.
A ““generic” version of PATIMDB that is designed for use with any bacterial genome
will be downloadable in the future at http://ausubellab.mgh.harvard.edu/cgi-bin/pal4/
downloads.cgi.
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2.3. Equipment

1. Q-fill media dispenser (Genetix, Boston, MA).

2. QBot colony-picking robot (Genetix).

3. Biomek FX liquid-handling robot (Beckman Coulter, Inc., Fullerton, CA).

4. HiGro block shaker/incubator (Genomic Solutions, Ann Arbor, MI).

5. Thermocylers with capacity to run multiple 96-well plates in parallel (e.g., ThermoHybaid,
Ashford, Middlesex, UK).

6. ABI 3700 PRISM automated sequencer.

7. 12-channel pipettes (Costar or Finnpipette) with compatible tips.

8. Tabletop centrifuges with block/plate attachments (Beckman Coulter Allegra X-22,
Fullerton, CA).
9. Laminar flow hood.
10. —80°C and —20°C freezers including racks designed to hold 96-well plates.
11. Aluminum bases to cool 96-well plates.

2.4. Reagents

1. Arbitrary PCR and sequencing primers (see Methods and Fig. 1).
2. Deoxynucleotide triphosphates (ANTPs), PCR grade (Roche, Indianapolis, IN).
3. Taq DNA polymerase and 10x buffer (no. 1147633; Roche).
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Dimethyl sulfoxide (DMSO) (no. D-8418; Sigma-Aldrich, St. Louis, MO).
ExoSAPIT (no. 78205; USB Cleveland, OH).
Applied Biosystems Taq Dye Deoxy Terminator cycle sequencing Kits.
King’s B media (2% w/v peptone, 6.57mM K,HPO,, 6.08mM MgSO,, 1% v/v
glycerol).
Luria Broth (1% w/v peptone, 0.5% w/v yeast extract, 0.5% w/v NaCl).
9. Sterile 60% glycerol.
10. Antibiotics to select for the transposon and to select against other mating strains.

Nk
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2.5. Consumables

20cm x 20cm low-profile bioassay dish (no. 240845; Nunc, Rochester, NY).
Glass balls 3mm in diameter (no. 26396-508; VWR, West Chester, PA).
Biomek AP96 P250 tips or equivalent (no. 717251; Beckman Coulter, Fullerton, CA).
Culture plates/blocks: Greiner 96-well flat-bottom plates with lids (Greiner no. 655185; or
alternatively Culture Blocks: 2.0mL 96-well V-bottom polypropylene blocks (no. 3961;
Costar/Corning, Acton, MA).
Sealing mats for 2.0-mL 96-well blocks (no. 3083; Costar/Corning).
6. Copy plates: low-profile 96-well Serowel V-bottom plates (Bibby Sterilin Serowel no.
611V96 or Abgene no. MP-2000).
7. Lids with stacking rim for 96-well Serotec plates (no. AB-0752; Abgene, Rochester,
NY).
8. PCR template plates: 96-well skirted thermo-fast reaction plates (no. AB-0800/150;
Abgene).
9. PCR reaction plates: 96-well thin-walled, skirted polycarbonate PCR plates (no. 6511;
Costar/Corning).
10. Sterile ARB reaction mix reservoirs (no. 13681501; Fisher Scientific, Pittsburgh, PA).
11. Aeroseal breathable seals (no. B-100, Excel Scientific, Wrightwood, CA).
12. AluminaSeal temperature-resistant seals (no. ALUM-1000; Diversified Biotech Boston,
MA).
13. Temperature-resistant cryo-tags (plate labels) (no. SIDE-1000; Diversified Biotech).

b
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3. Methods
3.1. Mutagenesis and Arraying Mutants into 96-Well Plates

If the donor plasmid carrying the transposon is self-transmissible, the strain carrying
the donor plasmid is directly mated with the recipient strain. If, however, the donor
plasmid is not self-transmissible but is mobilizable, triparental mating with donor,
recipient, and helper strains should be performed.

3.1.1. Mating (Note 1)

1. Grow separate saturated cultures of transposon donor and recipient strains (and if neces-
sary, helper strain) with appropriate antibiotics in appropriate media (e.g., Luria Broth;
LB).

2. Mix 200 uL recipient strain culture with 400 UL donor strain culture (and, if necessary,
400 UL helper strain culture). Gently pellet cells. Generally a 2 : 1 ratio of donor to recipient
culture volume is recommended but should be tailored to individual mating combinations.
It may be necessary to set up multiple mating mixes depending on the frequency of trans-
position and mating efficiency.
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3. Rinse pellet in 1 mL mating media. For PA14, King’s B media was used (6). However,
other media, including LB, may be appropriate for other mating combinations. Gently
pellet cells. Resuspend pellet in 250 uL. King’s B media.

4. Spot 25-uL aliquots of the resuspended mixture on King’s B media 1.5% agar plates,
keeping the area of the drops on the plates as small as possible. Let plates dry before
moving to 37°C incubator. Incubate plates for shortest time necessary for transposition
(Note 2).

5. Using a sterile pipette tip, scrape one or more mating spots into a tube containing 48 mL
0.1M MgSO,. Resuspend thoroughly by vortexing vigorously. The number of spots that
you need to resuspend depends on the frequency of transposition and mating efficiency
(Note 3).

6. Using approximately 30 sterile glass balls, spread 1.5 mL of the suspension on Luria broth
agar (1.5% w/v) in separate 20 cm X 20 cm bioassay dishes containing appropriate antibiot-
ics. To select for transposants, include the antibiotic that the transposon confers resistance
to. To select against the donor strain, include an antibiotic to which the recipient strain is
resistant to but the donor strain is not (Notes 4 and 5). Be sure to spread the culture evenly
across the plates. For compatibility with the QBot colony picking robot, the 20cm x 20cm
dishes should contain exactly 200 mL media.

7. Dry dishes for approximately 45 min in a laminar flow hood until all fluid has dried. Incu-
bate dishes at 37°C for 12 to 15h.

8. Store dishes at 4°C prior to colony picking.

3.1.2. Label Plates

Create “virtual” plates in the database representing culture plates. The database
program should automatically create a set of unique identifiers for those plates. The
database should also create “virtual” mutants with their own unique identifiers that are
linked to culture plate well positions so that sequencing data for individual mutants can
be properly entered and stored. Unique identifiers are numbers or alphanumeric keys
that unambiguously specify a particular database entity including plates, mutants, and
so forth. Finally, the database should also create human-readable numeric plate labels
and, if desired, bar-code labels encoding unique identifiers for each culture plate. These
labels should be generated as text files that can be printed (see below).

Optional: In the generation of the PA14 transposon library, PATIMDB-created
virtual plates for culture, PCR template, PCR reaction, and copy plates, thereby allow-
ing the status of each plate (e.g., whether the ARB 1 reaction has been performed)
to be entered and monitored. This tracking feature is not essential but may be useful
with different applications. Files containing bar codes encoding unique identifiers and
human-readable text labels for each culture plate and the PCR template plates, PCR
reaction plates, and copy plates derived from each culture plate are automatically gener-
ated by the database once virtual culture plates have been created.

1. Print and apply labels. Files containing bar codes and/or corresponding human-readable
labels can be created with Sagian Print and Apply Software (part no. 148640; Sagian Core
Systems, Indianapolis, IN). The labels are then printed and transferred to each plate via
a print-labeling machine. If this software/hardware is not available, labels for each
plate generated by the database can be printed on special temperature-resistant labels
(Materials) with general word-processing software and a standard laser printer and applied
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to each plate by hand. Labels should be applied to one of the two short sides of the plates
because these sides face out in the racks used to store plates at —80°C.

3.1.3. Robotic Colony Picking and Inoculation of Culture Plates

The QBot colony picking robot comes with a computer workstation and custom
software (QSoft) to run the robot (Note 6).

1. Load QBot Platform. Place 20cm X 20cm dishes (up to four at a time) containing trans-
posant colonies on the QBot platform. Fill ethanol bath with 70% ethanol.

2. Start QBot software.

3. Camera alignment: Make a hole with a pipette tip in a colony-free area of the agar media
in dish no. 1 (the dish located in the upper-left-hand holder on the QBot platform). A dish
containing no colonies can also be used. Choose “Align Camera,” select “Assay Tray,”
and then click “Yes.” Change ‘“Zoom Focus” to 3 and, using the cursors, set the bull’s-eye
on the hole. This procedure sets X-Y coordinates for the picking head.

4. Set picking height. Mark “Stop Short on Z Axis,” and click the center dot on the screen.
Select “Pin A1 Down” over dish no. 1. Click the down arrow, carefully directing the pin
to move down until the pin just touches (but does not pierce) the agar. Enter “OKAY” to
exit. Repeat setting picking height for each of the four dishes on the platform. Return to
home position.

5. Test imaging colonies. Each plate is divided into 40 sectors. Select sector 18 of dish no.
1 (the sector located in the middle of dish no. 1) by highlighting it. The camera will move
to sector 18 of dish no. 1. Take image by selecting “Picture.” A picture of the selected
sector will appear with well-defined colonies in green, unclear colonies in yellow, and poor
colonies in red. Select “Tools” and “Threshold” to adjust the light settings to maximize
the green-to-red colony ratio (Note 7). Click “Reprocess.” Check other sectors in the same
tray to ensure that the green-to-red colony ratio is high. If it is not, return to sector 18 and
readjust light threshold as necessary. Check other trays and determine if the set light
threshold can be used across all plates on the platform. The light threshold can only be
adjusted in sector 18 for each plate. Select “Done” when all trays have been imaged.

6. Set picking run. The software will ask if the steps outlined above have been completed.
Select “OKAY” for each of these questions. Specify whether all sectors in all trays are to
be picked (full run) or only specific sectors in specific trays (partial run). If a partial run
is selected, highlight which sectors should be picked. Once the imaging is complete, a
message will appear: “Script is Complete.” View image result in the last picked sector
screen, which will show the total colonies identified in the run (green, yellow, and red)
and the total colonies that the QBot would pick (green only) based on the set parameters
in all sectors in every dish.

7. Select “OKAY” to view the Destination Plate Guide. Based on the number of colonies that
will be picked as described above, the plate guide will indicate the number of destination
plates and where to load them in the two hotels on the QBot platform.

8. Prepare destination plates. Use the QFill media dispenser to fill labeled 96-well flat-bottom
plates with 280 uL. LB containing appropriate antibiotics to select for transposants. Replace
lids and load into the QBot’s hotels with the cut corner side of the plate positioned outward.
If using different plates or media volumes, be sure the media level in the wells is high
enough so that the QBot head pins actually touch the media. Select “Done” to exit.

9. Begin picking. A message will appear: “Are you ready to begin?” Select “YES.” The pins
are rinsed in 70% ethanol and dried for 10s between each plate. If more destination plates
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are needed, the QBot head will stop in front of the last picked plate in the hotel, and the
software will indicate how many more plates to reload. After the picking run, the message
“Picking is Complete” will appear. Select “OKAY.” If you want to have the QBot pick
from additional trays, select “YES” when the “Do you want to save?”’ message appears.
The QBot will resume picking, inoculating the remaining noninoculated wells, if any, in
the last destination plate used (Note 8).

10. Carefully seal destination plates with Aeroseal covers, taking care not to disrupt the
media.

3.1.4. Culture Plate Incubation

Incubate the inoculated and sealed Culture plates at 37°C without shaking long
enough to ensure that slow-growing mutants produce cultures (Note 9).

3.1.5. Aliquoting Mutant Strains Using a Biomek FX Liquid-Handling Robot
(Fig. 1)

The Biomek FX transfers strains from culture plates to several destination plates: a
PCR template plate and three copy plates. This can be done by hand using multichannel
pipettes but would require extensive labor. The following steps are used to set a Biomek
FX program. Once all plates are properly loaded onto the Biomek platform with lids
removed, run the program.

3.1.5.1. FX METHOD 1: LIBRARY REPLICATION FOR STORAGE AND PCR PROCESSING
(NOTES 10, 11, AND 12)

1. Label and QFill copy plates with 100uL LB containing 15% glycerol and antibiotics
(Note 13).

2. Set up deck: Two boxes of tips, one set in the home position; one reservoir filled with

sterile 60% glycerol; a culture plate containing fully grown cultures; a bar-coded/labeled

PCR template plate; and three bar-coded/labeled and QFilled 96-well copy plates.

Pick up tip set no. 1.

4. Aspirate 70 uL of each culture from culture plates at 5 mm below the liquid surface, touch

tips to side of wells, and transfer to labeled PCR template plates (Notes 10, 11, and 12a).

Touch tips to side of wells (Note 12b). PCR template plate cultures are subsequently used

as templates for arbitrary PCR.

Discard tips.

Move tip set no. 2 into the home position.

Pick up tip set no. 2.

Aspirate 70 UL 60% sterile glycerol from the reservoir 2 mm from the bottom of the reser-

voir at 70% speed and transfer to the culture plate. Dispense glycerol Smm below the

liquid surface at 70% speed, with tips following the liquid level as it rises (Notes 10 and

11).

9. Mix at least three times 100 UL at 70% speed, following the liquid level as it rises and falls
with each aspiration and dispense step with no blowout. Final glycerol concentration after
mixing is 15% glycerol. Other types of bacteria may require different glycerol concentra-
tions or other freezing agents such as DMSO. Adjust as necessary.

10. Using the same tips (or a fresh set of tips if desired) aspirate 25 UL culture/15% glycerol
mix from 5mm below the liquid surface, following liquid level, and touch tips to wells.
Transfer culture/glycerol mix to the first labeled 96-well copy plate and dispense 3 mm

hed
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from the copy plate bottom at 70% speed. Mix 1uL once at 100% speed (to remove
hanging culture drop) with no blowout. Include a tip touch.

11. Repeat step 10 and dispense in the second copy plate.

12. Repeat step 10 and dispense in the third copy plate.

13. Seal all plates with AluminaSeals.

14. Store culture and copy plates at —80°C. Store PCR template plates at —20°C until PCR
processing.

3.2. Insertion Site Identification
3.2.1. Arbitrary PCR

Transposon insertion sites were identified using a two-round arbitrary PCR protocol
(Fig. 1) (9).

3.2.1.1. THE FIRST ROUND OF ARBITRARY PCR (ARB1 REACTION)

1. Thaw PCR template plates containing 70 uL aliquots of the statically grown transformant
cultures (see above) and incubate at 95°C for 10 min to lyse the cells.

2. Pellet debris by centrifuging the plate at 3000 rpm for 5 min. The cleared lysate is used as
template for the first round of arbitrary PCR (ARB1).

3. Combine reagents for the ARBI reaction mix in a sterile tube on ice: 1x Taq buffer
(Roche), 10% DMSO, 2.5uM dNTPs (Note 14), 1.25U Taq DNA polymerase (Roche),
1.0ng/uL of the transposon specific primer Tnl (Fig. 1), and an arbitrary primer (Table
1) (Note 15). Taq is added after all other reagents are mixed thoroughly. Once Taq is
added, mix by inverting the tube. For P. aeruginosa PA14 MAR2xT7 mutants, the trans-
poson-specific primer, PMFLGM.GB-3a, (5-TACAGTTTACGAACCGAACAGGC-3)
was used. Transfer ARB1 reaction mix to a reservoir on ice that will accommodate a 12-
channel pipettor.

4. Using a 12-channel pipette, transfer 25 uL. ARB1 reaction mix to the wells of a thin-walled
96-well PCR reaction plate sitting on ice in an aluminum plate cooler.

5. Using a 12-channel pipette, transfer 3 UL of the cleared lysates to the reaction mix, pipet-
ting up and down three times to mix.

6. Seal plates with adhesive foil seals.

7. Begin the ARBI reaction program on the thermocycler:

(a) 95°C for 5min

(b) 95°C for 30s

(c) 47°C for 455

(d) 72°C for 1 min

(e) Repeat steps (b), (¢), and (d) for 30 cycles.
(f) 72°C for 5min

8. Once the thermocycler reaches 95°C for initial denaturation, transfer the ARB1 reaction
plate to the thermocycler.

9. Update the status of plates processed for the ARBI reaction in the database if desired.

3.2.1.2. THE ARB2 REACTION

1. Combine reagents for the ARB2 reaction mix in a sterile tube on ice: 1x Taq buffer
(Roche), 10% DMSO, 2.5uM dNTPs, 1.25U Taq polymerase (Roche), 1.0ng/uL of the
transposon specific primer Tn2 (Fig. 1), and an arbitrary primer (either ARB2 or ARB2A;
Table 1). As in the ARBI reaction, Taq is added after all other reagents are mixed
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Table 1
Arbitrary Primers
First round Second round
Primer name Sequence Primer name Sequence
ARBI GGCCACGCGTCGACTAGTACNNNNNNNNNNGATAT ARB2 GGCCACGCGTCGACTAGTAC
ARBIA GGCCACGCGTCGACTAGTACNNNNNNNNNNGTATA
ARBIB GGCCACGCGTCGACTAGTACNNNNNNNNNNACNG
ARBIC GGCCACGCGTCGACTAGTACNNNNNNNNNNGTAT
ARBI1D GGCCAGGCCTGCAGATGATGNNNNNNNNNNGTAT ARB2A GGCCAGGCCTGCAGATGATG

ARBIE GGCCAGGCCTGCAGATGATGNNNNNNNNNNGTANG

191
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thoroughly. Once Taq is added, mix by inverting the tube. For MAR2xT7 mutants, the
transposon-specific primer, PMFLGM.GB-2a, (5-TGTCAACTGGGTTCGTGCCTT
CATCCG-3") was used. Transfer ARB2 reaction mix to a reservoir on ice that will accom-
modate a 12-channel pipettor.

Using a 12-channel pipette, transfer 20 UL ARB2 reaction mix to a thin-walled PCR reac-
tion plate sitting on ice in an aluminum plate cooler.

Using a 12-channel pipette, transfer 5L of each ARB1 product to the ARB2 reaction mix
in the PCR plate, pipetting up and down three times to mix.

Seal plates with adhesive foil seals.

Begin the ARB2 reaction program on the thermocycler:

(a) 95°C for 30s

(b) 45°C for 45s

(c) 72°C for 1 min

(d) Repeat steps (a), (b), and (c) for 40 cycles

(e) 72°C for 5min

Once the thermocycler reaches 95°C for initial denaturation, transfer the ARB2 reaction
plate to the thermocycler.

Update the status of plates processed for the ARB2 reaction in the database if desired.

3.2.2. PCR Cleanup and Sequencing

1.

NN kW

Use a 12-channel pipette to transfer 5SuL of each ARB2 reaction to a new PCR reaction
plate on ice.

Mix 2 uL. EXOSAP-IT enzyme mix into the ARB2 reaction mix by pipetting up and down
three times.

Seal plates with adhesive foil.

Move plate from ice to the thermocycler preheated to 37°C.

Incubate plates at 37°C for 15 min.

Incubate plates at 80°C for 15 min.

Update the status of plates subjected to PCR cleanup in the database if desired.

Add 13uL freshly diluted sequencing primer at a concentration of 7.69ng/uL to each
sample for a final concentration of 5ng/uL. For MAR2xT7, the Tn3 sequencing primer
(Fig. 1) PMFLGM.GB-4a (5-GACCGAGATAGGGTTGAGTG-3") was used. Store
samples at 4°C prior to sequencing.

Subject samples to fluorescently labeled dideoxynucleotide chain termination sequencing
according to the kit manufacturer’s instructions.

3.2.3. Uploading Sequences into the Relational Database and
Sequence Analysis

Data-uploading methods are dependent on the database and software being used.
Here we describe a general scheme that should be tailored accordingly.

1.

Assign plate and sample names to sequencing data: Assemble ABI sequencing files into
sets of 96, each set of 96 in a folder titled with a human-readable plate name that is
recognizable by the database and linked to the unique identifier for the culture plate used
as template for the sequences (Note 16). Each ABI file in the folder should have a human-
readable and computer-parsable name that includes the culture plate name and the well
position of the mutant from which the sequence was derived. ABI file names should be
recognized by the database so that each ABI file is correctly associated with the unique
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identifier for the proper mutant. For the PA14 library, each folder was given a three-digit
numeric name that was linked to the unique culture plate database identifier. In the event
that multiple sequencing attempts might be necessary to obtain data on all the mutants in
a plate, the three-digit plate names were given a version number, each with its own unique
database identifier. For example, folder 242v6 represents culture plate number 242, version
6. Sequences from individual wells in this plate are titled 242v6_AO01, 242v6_A02, 242v6_
A03, and so on.

3.2.4. Insertion Site Identification

Software used for data analysis should process sequence information in the following
way to identify the insertion site of each mutant.

1.

Assign a quality score to each base in the original sequence. Using the PHRED software
application (www.phred.org), PATIMDB assigns a quality score for each base pair in each
uploaded sequence or raw sequence.

Trim low-quality sequence. Bases with a quality score of less than 20 are trimmed off the
raw sequence to produce a processed sequence (Notes 17 and 18).

Perform BLAST alignment with genomic sequences. PATIMDB aligns each processed
sequence with both the PA14 and PAO1 genome sequences using the BLAST algorithm
(10). The assignment of a location of the transposon insertion site in the PA14 genome for
a given processed sequence isolated from a particular mutant is based on the region of the
genome with the best BLAST score (Note 19).

Identify the transposon sequence immediately adjacent to the genomic sequence junction
point. The precise location of the insertion site in the region of the BLAST hit is determined
automatically using a Smith-Waterman algorithm built into PATIMDB that searches the
first 120 bases of the raw sequence for alignment with a 26-base sequence at the end of
the MAR2xT?7 transposon, allowing up to seven mismatches or gaps (Fig. 2). Parameters

[ Raw Sequence

n L QLAST —
Alignment

Alignment
—Z Genomic Sequence
—

Insertion Site

Fig. 2. Insertion site prediction methodology. PATIMDB (1) scans the raw sequence for the
sequence aligning with the transposon sequence using the transposon sequence identification
tool and (2) performs BLAST alignments with the genomic sequence. The raw sequence coor-
dinates of the last base to align with the transposon sequence (A) and the first base to align with
the genomic sequence (B) are used to determine the transposon insertion site in the genomic
sequence. Insertion site (in genomic sequence coordinates) = C—(B—A), where C is the genomic
sequence coordinate of the first aligning base. This rule applies regardless of which strand aligns
with the raw sequence. In cases when the transposon sequence cannot be identified, A is given
a fixed value based on where within the raw sequence the last base of a particular transposon
is most frequently observed.
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such as the maximum number of transposon sequence mismatches tolerated, how far 3’
the algorithm searches for the transposon junction, and how much of the transposon
sequence is used in the search can be optimized for individual needs. Where the sequencing
primer anneals with respect to the transposon junction, the sequence quality at the trans-
poson junction and the accuracy of the zero positions of individual reads affect the accuracy
of transposon sequence identification in the raw sequence. Setting these parameter requires
trade-offs, however. For example, longer transposon junction search sequences require that
a sequencing primer that anneals further upstream (in the 5" direction) from the transposon
junction be used, requiring a greater allowance for mismatches but allowing a higher
degree of confidence that the determined transposon location is correct. For sequences in
which the transposon sequence cannot be identified, a default insertion site is selected
based on the observation that in most mutant sequences, the transposon junction point lies
a set number of bases into the raw sequence (on average, 63bp for MAR2xT7). Caution
must be used, however. In several instances where no alignment with MAR2xT7 was identi-
fied, the transposon sequence was found manually beyond the first 120 bases of the raw
sequence, suggesting that the search window was set too narrowly. Using the default loca-
tion of 63 bases in these cases puts the insertion site more than 63 bases away from the
actual insertion site.

3.3. Library Mega-Analysis
3.3.1. Insert Distribution Across the Genome

To determine insertion coverage and to detect the presence of hot spots, the genomic
coordinates of all transposon insertions are mapped into 1- or 10-kb bins. The number
of mapped insertions in each bin is quantified. This analysis should be carried out rou-
tinely during library production to assess saturation of the genome.

3.3.2. Insert Distribution Within Predicted ORFs

Combining insertion site coordinates with the start and stop sites of every ORF in
the genome gives the number of times each gene has been hit. This analysis also makes
apparent which genes have not been hit while library production is in progress. If the
fraction of undisrupted genes that are known to be nonessential in other organisms is
high, library production should continue. Once near-saturation has been established,
genes that were hit only once should be analyzed further to determine if there are more
hits at the extreme 5" and 3’ ends of these genes than would be predicted if insertions
were completely random. An enrichment of hits at the extreme 5’ end of genes hit only
once indicates possible transcriptional fusions with transposon-derived sequences.
An enrichment of hits in the extreme 3" end of genes hit only once suggests that the
insertion did not disrupt gene function. Genes falling into either category may be
essential.

3.3.3. Defining Essential Genes: Comparing Transposon Insertion Mutants in
Two Different Strains

In the case of P. aeruginosa, transposon mutation libraries using different trans-
posons have been constructed independently in strains PAO1 ([11] and Chapter 9) and
PA14 (1). Between the two libraries, the insertions sites of more than 60,000 transposon
mutations have been mapped. By comparing the two libraries, we were able to identify
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orthologous genes that were not hit in either library and thereby determine a set of
putative essential genes. First, we defined orthologs between the two strains (which we
call PA14/PAO]1 orthologs), and then the orthologs not hit in either library were com-
pared. Genes not hit in either library were considered putative essential genes. As
described in Section 3.3.2, for genes hit only one time, the hit distribution was skewed
toward the extreme 5" and 3’ ends of these genes, indicating that some PA14/PAO1
orthologs hit just once at either end of the coding sequence may be also putative essen-
tial genes (Table 2).

1. Identify orthologous genes in two different strains. Download and run the “findOrthologs.
pl” program (http://ausubellab.mgh.harvard.edu/cgi-bin/pal4/downloads.cgi). This pro-
gram generates a list of orthologs based on criteria such as the percentage identity and
percentage difference of query length to alignment length. After the program is run, some
manual curation of the list may be necessary. As a general rule, reciprocal best hits are
selected as orthologs, while attempting to maintain synteny along the genome.

The program requires:

(a) FASTA format file or files containing the two single-contig genome sequences named
“1” and “2.”

(b) FASTA format file or files containing predicted ORFs in both genomes. Each
gene must occur only once and have a unique gene identifier (GenelD) in the title
line.

(c) Tab-separated values format file containing the fields “GenelD,” “GenomelD,” and
“Start” indicating, respectively, the unique gene identifier, the genome identifier (1 or
2), and the start position of each gene.

(d) Configuration file that contains cutoffs for percent sequence identity and the maximum
difference in the length of individual BLAST query sequences.

2. Compare orthologous genes not hit in either library.

(a) Generate a list of genes in each library that were not mutated (or not “hit”) by
identifying those genes from the total gene set in each genome. With a relational
database, this requires a so-called left outer join in database parlance (Note 20).

(b) Select one of the two mutated genomes as the reference genome. Perform a join of
nonmutated genes from the nonreference genome library with the orthologs table
(Section 3.3.3, No. 1) to generate a list of reference genome orthologs for these
nonmutated genes.

(c) Join the list of nonmutated genes in the reference genome with the list of reference
genome orthologs of the nonmutated genes from the nonreference library (above). The

Table 2
Comparison of PA14 and PAO1 Orthologs Disrupted in Two Mutant Collections

PA14/PAO1  Unique
Predicted PA14/ PA14/PAOI orthologs insertion

PAOI1 orthologs  orthologs hit not hit locations
P. aeruginosa strain PA14 (1) 5,102 3,954 1,148 22,881
P. aeruginosa strain PAO1 (11) 5,102 4,494 608 30,100
PA14/PAO1 orthologs not hit 335

in either library
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intersection of these two sets gives a set of putative essential genes. This set excludes
genes that are strain-specific or that lack identified orthologs.

Notes

1.

2.

*®

Multiple matings over the course of library production also minimize the number of redun-
dant mutants. Ten different matings were used to produce the PA14 library.

In control experiments related to the construction of the P. aeruginosa PA14 transposon
mutation library, MAR2xT7 transposants were first apparent at 2h incubation, indicating
that with the particular donor cells, transposon, and recipient cells used for these experi-
ments, a 2-h mating time was sufficient to obtain a high frequency of transposition events
but minimized the amplification of transposants, thereby reducing the frequency of isolating
mutants containing the same mutation. It is important to determine the optimal time and
donor:recipient culture ratio for matings with the particular strains to be used prior to scaling

up.

. The transposition frequency for a given mating combination must also be determined

so that the number of mating spots that must be harvested to obtain the desired number
of transposants is known. For PA14 mated with MC4100/pMAR2xT7 and HB101/
pRK2013, three pooled mating spots consistently generated more than 4800 trans-
posants. Transposant colonies approximately 2.5mm in width can be recognized by the
QBot.

The antibiotic resistance marker on the backbone of the donor plasmid carrying the trans-
poson serves to verify that only the transposon has inserted into the genome, and integration
of the entire donor plasmid has not occurred. In initial experiments, putative transposants
should be tested for donor plasmid integration.

In the case of P. aeruginosa strain PA14, we have observed that liquid cultures grown
statically under microaerobic conditions contain a high frequency of so-called phenotypic
variants that are resistant to high concentrations of multiple antibiotics (7, 8). These anti-
biotic-resistant variants (called RSCVs for rough small colony variants) exhibit a variety
of transient phenotypic changes in addition to antibiotic resistance including high surface
hydrophobicity that results in increased biofilm formation and reduced virulence. We do
not know whether RSCV formation is a common feature of all P. aeruginosa strains or
other bacterial species. Because the frequency of RSCVs increases with high levels of
antibiotics, we determined the minimal concentrations of gentamicin and Irgasan required
to select for PA14/MAR2xT7 transposants. Gentamicin resistance is encoded by MAR2xT7,
and PA14 is naturally resistant to Irgasan. Therefore, Irgasan is used to select for P. aeru-
ginosa and against E. coli.

If a QBot is not available, colonies can be picked by hand, but depending on the library
size, this could be a daunting task.

. It is essential to set the QBot picking parameters to ensure that the robot does not mistake

two overlapping colonies for a single colony. Look at the trays after the picking run to
verify that only individual colonies were disrupted by the pins.

Trays can be stored at 4°C and repicked if necessary.

As previously described, experiments in our lab with P. aeruginosa strain PA14 showed
that static long-term culture (more than 16h) greatly increases the frequency of RSCVs in
PA14 cultures. However, growing PA14 in deep-well Costar/Corning blocks (600 uL. media
in 2.0mL 96-well deep-well blocks) with agitation in a HiGro shaker (Materials) or in a
standard plate shaker that can hold blocks for 16h or less prevents RSCV formation and
makes the cultures easier to transfer (the cultures tend to have a more uniform consistency).
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10.

11.

12.

However, because the QBot can only inoculate low-profile plates, inoculation of deep-well
blocks had to be done by hand.
In the construction of the PA14 library, an individual rack of transfer tips was used three
times to transfer the same cultures in steps 4, 10, 11, and 12. Moreover, to keep costs down,
the tips used to add glycerol to culture plates by dispensing glycerol from above the plate
into the cultures were saved and reused for 24 different culture plates. Subsequently,
however, we found by carrying out quality-control experiments that the tips used to dispense
glycerol did become contaminated with PA14. We therefore recommend instead that fresh
tips be used to add glycerol to each plate.
This example illustrates the importance of quality-control testing to ensure that the liquid-
handling method used to aliquot cultures be cross-contaminant free. Using a control plate
consisting of some wells inoculated with the mutagenized strain interspersed with many
uninoculated (sterile) wells is a simple way to determine the level of potential cross-
contamination at each step of the protocol. Store source and destination plates at 37°C
for several days to confirm the absence of cell growth in uninoculated wells. Control plate
tests of our methods defined several critical parameters essential for minimizing cross-
contamination when handling PA14 cultures. These parameters are discussed below.

The following guidelines arose from thorough testing of the Biomek FX method used to

transfer PA14 cultures.

(a) Glycerol (to final concentration of 15%) must be added and mixed into PAI4NR set
cultures before transfer. Transferring PA14 cultures grown in LB or LB + 15ug/mL
gentamicin for various lengths of time, with or without agitation, to either 96- or 384-
well plates, resulted in a high frequency of cross-contamination of both adjacent and
nonadjacent wells. This occurred whether the transfer was performed by the Biomek
FX robot or by hand using a multichannel pipettor. We assume this cross-contamination
is the result of aerosols from the tips as they are held over destination plates. We found
that the addition of glycerol (final concentration of 15%) prior to transfer greatly
decreased the frequency of cross-contamination of wells. Whatever the cause of cross-
contamination, it is essential that 15% glycerol be added to cultures to be transferred
when making copies of the library. Because glycerol inhibits the PCR reaction, transfer
of culture to be used as PCR templates from culture plates should be performed before
addition of glycerol. This step, therefore, must be thoroughly tested for well-well
cross-contamination.

(b) Avoid carryover of culture mix on transfer tips. Culture aspiration and dispensing is prone
to drops of culture hanging from tip ends that can easily cross-contaminate wells as the
robotic head moves over the plates laid out on the deck. To avoid this, we programmed
the Biomek FX to touch the tips to the side of the wells with each aspiration and dispens-
ing step (see below). In addition, all “blow-out” steps were skipped because, in our hands,
this formed bubbles of culture/glycerol mix on the ends of the tips, a potential source of
contamination as the tips move over the blocks and plates on the deck.

(¢) Library propagation should be performed in a 96-well format. Even with glycerol addi-
tion to cultures prior to transfer, we were unable to inoculate 384-well plates either by
hand or robotically without cross-contaminating adjacent wells. This is presumably due
to the necessity of touching the tips to the side of the wells both after aspiration of
culture in source plates and after dispensing culture in destination plates. The mostly
likely reason why the wells in 384-well plates get cross-contaminated is that the well
walls are shared between wells. In contrast, well walls in 96-well plates are not shared
between adjacent wells.
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13.
14.

15.

16.

17.

(d) Keep culture times to a minimum. We generally grew P. aeruginosa PA14 cultures for
14 h but not more than 16h. Although some mutants may take longer to get to satura-
tion, they are almost always at a high enough density after 14h to be used for transfer
to copy plates.

(e) Grow cultures with agitation in deep-well blocks. Reduced aeration of PA14 cultures
greatly increases the incidence of RSCV formation. We have tested cultures grown in
a Genomic Solutions, Inc., HiGro shaker/incubator with supplemental O, and cultures
grown in a regular shaker with no extra O, added. Both conditions prevented the appear-
ance of variants.

(f) Keep the surface-to-volume ratio high, ensuring proper aeration of the culture. Growing
cultures larger than 750 uL in 2.0-mL 96-well culture blocks resulted in the appearance
of variants. When growing large cultures, we grew 600-uL cultures in deep-well blocks
(catalog no. 7556-9600, USA Scientific, Ocala FL), resulting in a surface-to-volume
ratio of 0.92.

(g) Avoid extensive dilution. The larger the degree of dilution, the higher the frequency of
variants. We assume this is because the increased amount of cell division required to
saturate the culture promotes the appearance of variants in the culture. Preliminary tests
have shown that inoculating 600 UL media with an average-size wild-type colony picked
with a pipette tip is sufficient to prevent the appearance of variants in the saturated
culture. When using thawed liquid stocks to inoculate media, we generally diluted
1:50.

(h) Keep surface area of tip coated with culture/glycerol mix to a minimum. Even when
source cultures contain 15% glycerol, transfer of cultures will result in well-to-well
cross-contamination of source and destination plates if the majority of the surface area
of the transfer tip is coated with culture/glycerol mix. To avoid this problem, the
Biomek FX is programmed to have transfer tips aspirate culture mix no more than
10mm below the liquid surface.

(i) Seal plates on the deck of the robot. The simple act of moving the plates from the robot
to the bench top before sealing has led to cross-contamination in test runs. Seal the
plates thoroughly on the deck, using a roller to ensure that each well is firmly sealed.

QFilled plates can be stored at 4°C overnight before run.

Others have modified our protocol, replacing DMSO with 1.25M Betaine (catalog no.

14300; Fluka, Sigma Aldrich, St. Louis, MO) with excellent sequencing success rates (D.

Ewen Cameron and J. Mekalanos, personal communication).

Originally, ARB1 PCR was performed using the ARB1 primer (Table 1), with a success

rate of approximately 95%. Over time, the efficiency of sequencing with this primer

dropped. We found that many of the products of sequencing were extremely short—only
as long as the transposon sequence—suggesting that under the conditions of the particular

PCR reaction employed, the ARB1 primer had an affinity for the end of the transposon.

Several additional ARB primers were created (Table 1), including two (ARBID and

ARBIE) in which the defined sequence was changed to be less likely to hybridize to the

transposon sequence. ARB1D and ARBIE gave the greatest sequencing success rates

(~75%).

When using PATIMDB to analyze sequences, each plate folder containing 96 sequences is

in turn placed into a folder entitled with the transposon name (2xT7). The transposon folder

is placed in a folder titled “PA14.” PATIMDB is launched and “Sequence Analysis” is
selected. Each folder is uploaded into PATIMDB individually.

We found that a Phred quality score of 20 adequately filtered out poor sequences; however,

different values can be used if desired.
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18.

19.

20.

Because the sequence quality at the very beginning of reads is often poor, it is advisable to
have the sequencing primer positioned a sufficient number of base pairs from the transposon
junction so that at least 30 bases of the transposon sequence are routinely present in the
resulting sequencing reads beyond the region of poor sequence.

In most cases for the PA14 library, alignment with one region in the genome had a high
BLAST score, whereas other genomic regions had much lower BLAST scores. The differ-
ence between the best BLAST score and the second-best BLAST score, which we called
the Bit Score Separation, was large, indicating a high confidence that the region with the
highest BLAST score was the site of the insertion. Therefore, the position of the insertion
was based on that BLAST hit. If, however, more than one region of the genome aligns well
with a raw sequence and the Bit Score Separation is zero (i.e., in cases of gene duplications),
the insertion location cannot be unambiguously determined.

If a relational database is not available, a spreadsheet can be used to compare lists of non-
mutated orthologs in each library. Orthologs that are common between the two lists are
putative essential genes.
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The Construction of Systematic In-Frame, Single-Gene
Knockout Mutant Collection in Escherichia coli K-12

Tomoya Baba and Hirotada Mori

Summary

Here we describe the systematic construction of well-defined, in-frame, single-gene deletions of all
nonessential genes in Escherichia coli K-12. The principal strategy is based on the method for one-step
inactivation of chromosomal genes in E. coli K-12 established by Datsenko and Wanner (1), namely, the
replacement of a target gene with a selectable antibiotic-resistant marker generated by polymerase chain
reaction (PCR) using oligonucleotide DNA primers homologous to the gene flanking regions. The
advantages of this method include complete deletion of an entire open reading frame and precise design
eliminating polar effects for the downstream genes on E. coli chromosome.

Key Words: complete deletion; Escherichia coli; FLP recombinase; FRT; gene knockout; homologous
recombination; in-frame deletion; lambda Red recombinase; mutant; site-specific recombination.

1. Introduction

A single-gene—deleted mutant collection should provide a fundamental tool for
“reverse genetics” approaches, permitting analysis of the consequences of the complete
loss of gene function, in contrast with forward genetics approaches, in which mutant
phenotypes are associated with the corresponding genes. In the Saccharomyces cerevi-
siae functional genomics project, a nearly complete set of single-gene deletions cover-
ing 96% of yeast annotated open reading frames (ORFs) was constructed by using a
polymerase chain reaction (PCR) gene replacement method (2). The yeast mutants were
isolated by direct transformation with PCR products encoding kanamycin resistance
and containing 45-nt flanking homologous sequences for adjacent chromosomal regions.
Genome-scale disruption of Bacillus subtilis genes (3) was done by inactivating each
gene with a gene-specific plasmid clone. Comprehensive transposon mutagenesis
of Pseudomonas aeruginosa was carried out by generating a large set (~30,100) of
sequence-defined mutants (4). The construction of an Escherichia coli gene disruption
bank was initiated by using transposon mutagenesis (5). The strategy was to mutagenize
the E. coli chromosomal regions carried in each Kohara phage clone (6) and then to

From: Methods in Molecular Biology, vol. 416: Microbial Gene Essentiality
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recombine these mutations onto the host chromosome by homologous recombination
(Chapter 13). Although this approach yielded a large, unique collection of mutants,
the methodology was laborious. First, it was necessary to determine the transposon
insertion site. Second, complications resulting from transposon mutagenesis, such as
incomplete disruption of the targeted gene and polar effects on the downstream genes,
were unavoidable. Importantly, during the course of our attempts to create an E. coli
mutant bank by transposon mutagenesis, Datsenko and Wanner reported a novel, highly
efficient method of gene disruption using the phage lambda Red recombination system
(I). The strategy was analogous to the PCR-based gene-deletion method utilized in
yeast, except E. coli cells were carrying a low-copy-number, replication-thermosensi-
tive (ts-ori) plasmid (easily curable at 30°C) for expressing the lambda Red recombi-
nase (Fig. 1) (I). Advantages of this method include the ability to target E. coli genes
for complete deletion, the ability to design the deleted region arbitrarily and precisely,
and the ability to easily eliminate the antibiotic-resistance gene if necessary (I). Here,
we describe the systematic construction of well-defined, single-gene deletion mutants

H& FRT FRT

Il Il
| | | Kanamycin resistance gene | | |
L= L=

H2
D P2
H1 H2
l geneA IC geneB (target) geneC |
Met SD iof downstream gene

21 bp
F 'ISIT F 'ISIT
| |[| | | Kanamycin resistance gene | | I}l |
., .,
Deletion by site-specific
recombination at FRT sites
21 bp
FRT*>

| 10w Jo»> [ |

34 a.a. (102 bp)
MIPGIRRPAVRSSTSLGSIGTSKQLQPT+X(6aa)X

Fig. 1. Primer design and construction of single-gene deletion mutants. Gene knockout
primers have 20-nt 3" ends for priming upstream (P1) and downstream (P2) of the FRT sites
flanking the kanamycin-resistance gene in pKD13 and 50-nt 5" ends homologous to upstream
(H1) and downstream (H2) chromosomal sequences for targeting the gene deletion (8). H1
includes the gene B (target) initiation codon. H2 includes six C-terminal codons, the stop codon,
plus 29-nt downstream. The same primer design with respect to gene B was used to target dele-
tions regardless of whether gene B lies in an operon with genes A and C, as shown, or in any
different chromosomal arrangements. SD, Shine-Dalgarno ribosome binding sequence.
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that are designed to yield in-frame deletions upon excision of the resistance gene to
eliminate polar effects on downstream genes.

2. Materials

1. E. coli strains BW25113 [rrnB3 AlacZ4787 hsdR514 A(araBAD)567 A(rhaBAD)568 rph-
1] and BW25141 [rrnB3 AlacZ4787 AphoBR580 hsdR514 A(araBAD)567 A(rhaBAD)568
galU95 AendA9::FRT AuidA3::pir(wt) recAl rph-1] (1).

2. Plasmids pKD13 (GenBank accession no. AY048744) and pKD46 (GenBank accession

no. AY048746) (1).

Bacto Tryptone (BD, Franklin Lakes, NJ).

Yeast extract (BD).

NaCl (Wako, Osaka, Japan).

Luria-Bertani (LB) medium (7).

Antibiotics ampicillin (Wako) and kanamycin (Wako).

Glucose (Wako).

9. L-Arabinose (Wako).

10. Dpnl restriction enzyme (New England Biolabs, Beverly, MA).

11. TaKaRa Ex Taq polymerase (Takara Shuzo Inc., Kyoto, Japan).

12. SeaKem GTG Agarose (Takara Shuzo Inc.).

13. Oligonucleotide DNA primers (Nihon Idenshi Inc., Sendai, Japan).

14. 2.5mM each of deoxynucleotide triphosphate (ANTP) mixture (Takara Shuzo Inc.).

15. 0.2-cm electroporation cuvette (Bio-Rad, Hercules, CA).

16. SOC medium: 2% Bacto Tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCL, 10mM

MgCI%, 10mM MgSO*, 20mM glucose (7).

17. Bromophenol Blue (BPB; Wako).

18. Glycerol (Wako).

19. E-Gel 96 system (Invitrogen, Carlsbad, CA).

20. Tris-Acetate (TAE) electrophoresis running buffer: 40mM Tris-acetate, 1 mM EDTA,

pH 8.3.

21. 6x gel loading dye solution: I mM EDTA, 30% glycerol, 1.5mg/mL BPB in Milli-Q

water

22. 50-mL sterilized plastic tube (Nunc, Rochester, NY).

23. 15-mL sterilized plastic tube (Nunc).

24. 96-well microtiter plate (Nunc).

25. 96-well PCR reaction plate (Applied Biosystems, Foster City, CA).

26. Aluminum seal for 96-well plate (Applied Biosystems).

27. 96-well full plate cover (Applied Biosystems).

PN W

3. Methods

The methods described below outline (1) the primer design for the PCR fragments
for in-frame deletions, (2) the amplification and purification of PCR fragments, (3) the
preparation of E. coli electroporation-competent cells, (4) the E. coli transformation
with PCR fragments, and (5) the verification of gene knockout mutants.

3.1. Primer Design

The primer design for PCR amplification of DNA constructs for in-frame deletions
is described in Sections 3.1.1 and 3.1.2. This includes (1) the description of the pKD13
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marker-DNA template vector and (2) the description of the basic structure of PCR
primers.

3.1.1. pKD13 Marker-DNA Template Vector

The plasmid pKD13 was specifically constructed as a marker-DNA template vector
for gene disruption (I). FRT (FLP recognition target) sites were adjacent on both sides
of the kanamycin-resistant gene cassette (Fig. 1).

3.1.2. PCR Primers

PCR primers for constructing gene deletions included 50-nt homologous to the
adjacent upstream or downstream flanking regions of the target gene and 20-nt 3" end
for amplification of kanamycin (kan) resistance gene and the nearby FRT sites in
pKD13. N-terminal deletion primers had a 50-nt-long 5" extension including the gene
initiation codon (H1) and the 20-nt sequence 5-ATTCCGGGGATCCGTCGACC-3’
(P1). C-terminal deletion primers consisted of 21-nt for the C-terminal region, the ter-
mination codon, and 29-nt downstream (H2) and the 20-nt sequence 5-TGTAGGCT
GGAGCTGCTTCG-3’" (P2; Fig. 1). The targeting PCR products were designed to
create in-frame deletions. In this case, a targeted ORF was deleted almost entirely (from
the second through the seventh codon from the C-terminus), leaving the start codon
and translational signal for a downstream gene intact [Fig. 1 (8); see Note 1].

3.2. Amplification and Purification of PCR Fragments

The PCR fragments for gene deletion were amplified and purified in 96-well micro-
plates, described in Sections 3.2.1 and 3.2.2. This includes (1) the description of PCR
fragment amplification from pKD13 and (2) the description of purification of the PCR
fragments (Note 2).

3.2.2. PCR Fragment Amplification

PCR reactions were done in 50-uL reactions containing 2.5U of TaKaRa Ex Taq
polymerase, 1 pg pKD13 DNA, 1.0uM of each primer, and 200 uM dNTPs (Note 3).
Reactions were run for 30 cycles: 94°C for 30s, 59°C for 305, and 72°C for 2min plus
an additional 2min at 72°C.

3.2.3. PCR Fragment Purification

PCR products were digested with Dpnl and ethanol-precipitated to purify the PCR
products from contaminating template plasmid DNA and excess primers. Finally, they
were resuspended in 6 UL H,O, and 1L of each sample was analyzed by 1% agarose
gel electrophoresis using 0.5x Tris-Acetate (TAE) buffer or the E-Gel 96 system (Note
4). All procedures are carried out in 96-well formatted PCR reaction plates, and the
details are described below.

3.2.3.1. ETHANOL PRECIPITATION IN 96-WELL FORMAT

1. Add 120uL of 100% ethanol into PCR-amplified DNA solution (48 to 50puL) by mul-
tichannel pipette or appropriate dispensing robot systems and mix by pipetting (Note 5).
2. Centrifuge with a 96-well full plate cover (3800 X g; 30min, 20°C) (Note 6).
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Nk w

Remove ethanol by putting 96-well plates upside down on a Kim-towel.

Add 200 uL of 70% ethanol (Note 7).

Centrifuge with a 96-well full plate cover (3800 x g; 20min, 20°C) (Note 6).

Remove ethanol by putting 96-well plates upside down on Kim-towel.

Remove ethanol completely by brief centrifugation (Note 8), up to 8 Xg and placing the
plates upside down on Kim-towel.

Dry completely in a PCR machine, setting it at 55°C for 5 to 10 min; keep the plate covered
with a Kim-wipe.

3.2.3.2. DPNI TREATMENT

1.

NNk wd

8.

Prepare Dpnl reaction mix containing (per well):

10x buffer 3uL (NEB buffer 4)
Dpnl 0.3 uL (6 units)
ddH,O 27uL

Dispense 30 UL of Dpnl reaction mix into each well and mix by pipetting.

Flush by centrifugation.

Incubate at 37°C for 1.5h covering PCR plate with a rubber cap.

Ethanol-precipitate as described above.

Dissolve in 6 uLL ddH,O.

Check 1UL of each sample by agarose gel electrophoresis, using for example the E-Gel
96 System (Note 9).

Store the rest (5-uL DNA solutions) at —20°C for E. coli transformation.

3.3. Preparation of E. coli Electroporation-Competent Cells

The preparation of E. coli K-12 BW25113 electroporation-competent cells carrying

the Red helper plasmid pKD46 is performed largely according to the methods described
in Refs. I and 7; however, slightly modified procedure for a large-scale preparation is
described below.

1.

2.

Incubate the preculture in SO0mL SOB medium with ampicillin (50 ug/mL) overnight at
30°C with vigorous aeration.

Inoculate 400mL SOB medium with 2mM L-arabinose in 3-L flasks with 4mL of the
overnight preculture. Prepare six flasks (Note 10) and incubate the flasks at 30°C with
agitation.

Measure the ODgy, of growing culture. When it reaches 0.3, rapidly transfer the flask to
an ice-water bath for 15 min.

Transfer the cultures to ice-cold centrifuge bottles. Harvest the cells by centrifugation at
1500 x g for 10min at 4°C. Decant the supernatant and resuspend the cell pellet in 300 mL
of ice-cold pure H,O (Note 11).

Harvest the cells by centrifugation at 1500 X g for 10min at 4°C. Decant the supernatant
and resuspend the cell pellet in 150 mL ice-cold pure H,O (Note 11).

Harvest the cells by centrifugation at 1500 X g for 10 min at 4°C. Decant the supernatant
and resuspend the cell pellet in 90mL ice-cold 10% glycerol (Note 11).

Harvest the cells by centrifugation at 1500 X g for 10min at 4°C. Decant the supernatant
and resuspend the cell pellet in 40mL ice-cold 10% glycerol (Note 11).

Harvest the cells by centrifugation at 1500 X g for 10min at 4°C. Decant the supernatant
and resuspend the cell pellet in 8 mL ice-cold 10% glycerol (Note 11).
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9. Harvest the cells by centrifugation at 1500 X g for 10min at 4°C. Carefully decant the
supernatant and use a pipette to remove any remaining drops (Note 12). Resuspend the
cell pellet in 1.6 mL ice-cold 10% glycerol.

10. For storage, dispense 50-uL aliquots of the cell suspension into sterile, ice-cold 1.5-mL
tubes and transfer to a —=70°C freezer (Note 13).

3.4. E. coli Transformation with PCR Fragments
3.4.1. Electroporation

Fifty microliters of competent cells are mixed with 400ng of the PCR fragment in
an ice-cold 0.2-cm cuvette. Cells are electroporated at 2.5kV with 25 uF and 200 ohm,
immediately followed by addition of 1 mL of SOC medium with 1 mM vL-arabinose.
After incubation for 2h at 37°C, one-tenth portion was spread onto LB agar plate to
select for KmR transformants at 37°C (Notes 14 and 15).

3.4.2. Storage of Gene Knockout Mutants

Eight independent colonies are transferred into 150 uL. LB medium with kanamycin
in 96-well microplates and incubated overnight at 37°C without shaking. After growth
check, sterile glycerol is added to final concentration of 15%, each 96-well microplate
is sealed with an aluminum seal and stored at —80°C (Fig. 2).

3.5. Verification of Gene Knockout Mutants

From every gene deletion experiment, four or eight Km® colonies were chosen and
checked for ones with the correct structure by PCR using a combination of locus- and
kanamycin-specific primers (Fig. 3; see Note 16). Mutants were scored as correct if
two or more colonies had the expected structure based on PCR tests for both upstream
and downstream junctions (§).

Fig. 2. Storage of gene knockout mutants in the —80°C deep freezer. Eight independent colo-
nies from each gene knockout experiment were transferred into 150-uL. LB medium with kan-
amycin in 96-well microplates and incubated overnight at 37°C without shaking. Mutants were
stored in 15% glycerol at —80°C in 96-well microplates.
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Fig. 3. PCR verification of deletion mutants. Two PCR reactions were carried out to confirm
correct genome structure of all deletion mutants with two primers (k1 and k, in kan) and another
two primers (A1 and C2) for upstream and downstream genes of the targeted gene, respectively.
The two PCR reactions to confirm the upstream (A1-kl) and downstream (k2—C2) structures,
respectively. Mutants were scored as correct if two or more colonies had the expected structure
based on PCR tests for both junction fragments.

PCR tests were performed in 10-pL reactions containing 0.5U TaKaRa Ex Tagq
polymerase, 0.5 UM of each primer, and 250 uM dNTPs. Reactions were “hot started”
at 95°C for 2min and run for 30 cycles: 94°C for 30s, 60°C for 30s, 72°C for Smin,
plus an additional 2min at 72°C (Note 17).

Notes

1. Chromosomal genes were targeted for mutagenesis with PCR products containing a resist-
ance cassette flanked by FRT sites and 50-bp homologies to adjacent chromosomal sequences
(Fig. 1). To reduce polar effects on the downstream gene expression, primers were designed
so that excision of the resistance cassette with the FLP recombinase would create an in-
frame deletion of the respective chromosomal gene (Fig. 4). Primer sequences were based
on the highly accurate E. coli K-12 genome sequence (9) in which the majority of the cor-
rections to coding regions and start codon reassignments had been made in accordance with
the November 2003 E. coli K-12 annotation workshop (10).

2. All experiments were performed in the 96-well format for higher throughput and
reliability.

3. The amount of the template pKD13 plasmid DNA in a PCR reaction mixture should be
minimal (i.e., less than 1pg). This facilitates the complete removal of pKD13 by Dpnl
treatment, an essential purification step required for reduction of background clones during
the subsequent E. coli transformation with the PCR products.
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ATGRTTCCGGGGATCCGTCGACCTGCAGTTYGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCAAGCAGCTCCAGCCTACH N (18mer) NTer]
M f P ¢ I R R P AV HS ST S LGS TIGTS|K QL Q P T | X(6aa) Xr**
TACIPAAGGCCCCTAGGCAGCTGGACGTCAAQCTTCAAGGATAAGAGATCTTTCATATCCTTGAAGE TTCGTCGAGGTCGGATGT+N (18mer ) NTer|

‘ FRT ‘

Initiation codon of target gene C terminal 18-nt with termination codon of target gene

g

Gene product from |y p o1 pRpAVRSSTSLGSIGTSKQLOPT + X(6aa)x*** 4+ Ceneproductirom
Up stream gene down stream gene

Fig. 4. Structure of in-frame deletions. FLP-mediated excision of the FRT-flanked resistance
gene is predicted to create a translatable scar sequence in-frame with the gene B target initiation
codon and its C-terminal 18-nt coding region. Translation from the authentic gene B SD (Shine-
Delgarno ribosome binding sequence) and start codon is expected to produce a 34-residue scar
peptide with an N-terminal Met, 27 scar-specific residues, and 6 C-terminal, gene B—specific
residues.

4. For the high-throughput electrophoretic analysis of PCR products, the E-Gel 96 System
(Invitrogen) is very useful because the 96-well-formatted electrophoresis corresponds with
the format of 96-well plates with PCR reaction mixtures (Fig. 5).

5. Add 100% salt-free ethanol because PCR reaction buffer contains enough salts for efficient
DNA precipitation.

6. The centrifugation conditions given are for Beckman R25-type centrifuge.

7. Never mix by pipetting because precipitated DNA pellets are easily released from the walls
of a 96-well PCR plate.

8. To avoid dislodging the pellets, centrifugate the plates very briefly (at 8 X g for 1s) with
slowest possible acceleration.

9. Add 19uL of 1x loading dye solution to 1 uL. of each DNA solution, mix by pipetting, and
load onto E-gel 96 agarose gel.

10. The volume of culture and number of flasks depend on the shaker and centrifuge
facilities.

11. Gentle swirling is better than vortexing.

12. Be careful when decanting because the cell pellets lose adherence in 10% glycerol.

13. Ideally, in this protocol 192 1.5-mL tubes will be prepared as competent cells.

14. In our protocol, one “transformation experimental unit” consisted of 24 targeted genes.
Incubation at 37°C was followed by a series of eight genes’ electroporations. The four series
of eight shocks took almost 1h. Complete processing of an entire “transformation unit”
took about 2h, including at least 1 h incubation at 37°C and enough time for spreading the
cells on LB agar plates after electroporation.

15. Our standard protocol usually yielded 10 to 1000 Km® colonies when cells were incubated
aerobically at 37°C on LB agar containing 30 llg per mL kanamycin. The most critical step
was the preparation of highly electrocompetent cells (>10° transformants per 1 g of plasmid
DNA under standard conditions). Mutants were isolated in batches, and each batch included
a positive control (PCR product for disruption of ydhQ) and a negative control (no PCR
product added) samples. The latter usually yielded only 10 to 100 tiny background colonies
(Fig. 6).

16. The verification of gene knockout mutants by genomic PCR depends on the Tm of gene-
specific primers (Fig. 3), which were used in the construction of the ASKA library (11),
local genomic structure, and so on.
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Fig. 5. E-Gel 96 High-Throughput Agarose Electrophoresis System (Invitrogen). The 96-
well formatted electrophoresis corresponds with normal 96-well plates. (A) PCR reactions in
96-well format; (B) sample transfer from PCR plates to E-Gel 96 ready-made agarose gels by
multichannel pipette or robotics; (C) multichamber electrophoresis system for high-throughput
analysis within 12 min; (D) gel image capture and analysis using the editorial software provided
with the system; (E) the edited gel image comparison with DNA marker lanes.

(A) Positive control

JW1656 (vdhQ) Hypothetical protein ydhQ
Steady colony : 69

Tiny colony : 46

(B) Negative control

Without DNA fragment, transformed H,O only
Steady colony : 0

Tiny colony : 61

(C) Non-essential gene

JW2051 (udk) Uridine kinase (EC 2.7.1.48)
Steady colony : 34

Tiny colony : 62

(D) Essential gene

JW2404 (zipA) Cell division protein
Steady colony : 0

Tiny colony : 57

Fig. 6. Examples of transformants. Mutants were isolated in batches, in which each batch
included a PCR product for disruption of ydhQ as a positive control and a no-PCR-product
negative control. The latter usually gave only 10 to 100 tiny colonies.
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Table 1
Genomic PCR Conditions
Touchdown PCR conditions Constant PCR conditions .
Additional

PCR conditions Hot start Denature Annealing Extension Denature Annealing Extension extension
Normal — 30 cycles

95.0 — — — 94.0 60.0 72.0 72.0

2:00 — — — 0:30 0:30 5:00 2:00
Medium 8 cycles (—0.5°C/cycle) 25 cycles

95.0 94.0 70.0 72.0 94.0 66.0 72.0 —

2:00 0:30 0:30 9:00 0:30 0:30 9:00 —
High 8 cycles (-0.5°C /cycle) 25 cycles

95.0 94.0 72.0 72.0 94.0 68.0 72.0 —

2:00 0:30 0:30 9:00 0:30 0:30 9:00 —
Low 8 cycles (-0.5°C /cycle) 25 cycles

95.0 94.0 66.0 72.0 94.0 62.0 72.0 —

2:00 0:30 0:30 9:00 0:30 0:30 9:00 —

Upper, temperature; lower, reaction time (min:s).

Loy pue eqegq
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17. We designed several sets of PCR conditions for verification, including “normal” and various
“touchdown PCR” conditions (Table 1). “High,” “Medium,” or “Low” touchdown PCR
conditions were selected to match the Tm of gene specific primers (Fig. 3). They were also
used if no amplification was achieved by “normal” genomic PCR or if multiple nonspecific
bands were observed with particular gene-specific primers.
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The Applications of Systematic In-Frame, Single-Gene
Knockout Mutant Collection of Escherichia coli K-12
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1. Introduction

The increasing genome sequence data of microorganisms has provided the basis for
comprehensive understanding of organisms at the molecular level. Besides sequence
data, a large number of experimental and computational resources are required for
genome-scale analyses. Escherichia coli K-12 has been one of the best characterized
organisms in molecular biology. Recently, the whole-genome sequences of two closely
related E. coli K-12 strains, MG1655 (1) and W3110 (2), were compared and confirmed
by resequencing selected regions from both strains (2). The availability of highly accu-
rate E. coli K-12 genomes provided an impetus for the cooperative reannotation of both
MG1655 and W3110 (3). A set of precisely defined, single-gene knockout mutants of
all nonessential genes in E. coli K-12 was constructed based on the recent accurate
genome sequence data (/4] and Chapter 11). These mutants were designed to create
in-frame (nonpolar) deletions upon elimination of the resistance cassette. These mutants
have provided new key information on E. coli biology. First, the vast majority of the
3985 genes that were independently disrupted at least twice are probably nonessential,
at least under the conditions of selection. Second, the 303 genes that we repeatedly
failed to disrupt are candidates for E. coli essential genes. Lastly, phenotypic effects
of all these mutations in the uniform genetic background of E. coli BW25113 were
assessed by profiling mutants’ growth yields on rich and minimal media (4). These
mutants should provide not only a basic resource for systematic functional genomics
but also an experimental data source for systems biology applications. The mutants can
serve as fundamental tools for a number of reverse genetics approaches, permitting
analysis of the consequences of the complete loss of gene function, in contrast
with forward genetics approaches in which mutant phenotypes are associated with a
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corresponding gene or genes. Providing this resource to the research community
will contribute to worldwide efforts directed toward a comprehensive understanding of
the E. coli K-12 model cell. Because many E. coli gene products are well conserved
in nature, these mutants are likely to be useful not only for studying E. coli and other
bacteria but also for examining properties of genes from a wide range of living
organisms.

2. Materials

1. Essential genes list by Gerdes et al. (5): http://www.integratedgenomics.com/online_
material/gerdes/.

2. Essential genes from the PEC database and related documents (/6] and (Chapter 26):
http://shigen.lab.nig.ac.jp/ecoli/pec/.

3. Potentially essential genes list by Kang et al. (7): http://jb.asm.org/cgi/content/full/
186/15/4921/DC1.

4. COG database and related documents (8): http://www.ncbi.nlm.nih.gov/COG/new/.

5. Microbial Genome Database (9): http://mbgd.genome.ad.jp/.

6. G-language system and related documents (10): http://www.g-language.org/.

3. Methods
3.1. Evaluation of Gene Essentiality in E. coli K-12

One way to evaluate gene essentiality is to examine the efficiency of E. coli trans-
formation with gene-specific linear knockout constructs generated according to Wan-
ner’s one-step polymerase chain reaction (PCR)-based gene inactivation protocol, as
described in Ref. 4 and Chapter 11. Briefly, E. coli strain BW25113 carrying plasmids
pKD20 or pKD46 (a standard strain for Wanner’s one-step inactivation method; see
Chapter 11) were propagated in the presence of L-arabinose to induce production of
A RED recombinase and subsequently transformed with PCR-generated mutagenic
constructs specific for each targeted gene. The resultant transformants (eight for each
gene target) were analyzed for the presence of kanamycin-resistance gene in the
expected chromosomal location using several sets of kan-specific and locus-specific
primers (Fig. 1; see also Chapter 11).

up FRT K2 FRT
geneA I |:| Kangmyc'. .’stance gene |:| ' ogeneC
: j —
down

upstream downstream

Fig. 1. Sample deletion mutant (AgeneB) and the scheme of PCR-based verification of the
postdeletion structure of the kan cassette and up- or downstream genes in the immediate vicinity
of a targeted gene. Novel junctions created between the resistance cassette and neighboring
upstream (geneA) and downstream (geneC) sequences are verified by PCR amplification using
kanamycin-specific (k1 or k2) and locus-specific (up or down) primers.
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Table 1
Gene Knockout Efficiency*

Essentiality score*

Percentage correct’ ORFs <-1 —1to+1 >1
100 1946 1916 30 0
87.5 729 719 10 0
75 499 487 12 0
62.5 316 307 9 0
50 219 211 8 0
37.5 116 112 4 0
25 160 149 11 0
12.5 1 0 1 0
0 302 0 88 214
Total 4288 3901 173 214

*The original data are presented in the Supplementary Table 3 (4).

"Percentage of sample Km® transformant (out of four or eight tested) shown by PCR analysis (Section
3.1 and Chapter 11) to have the correct deletion structure.

“The number of ORFs with different essentiality scores is given. Scores less than —1 identify a gene as
nonessential and greater than +1 as essential with no contradictions with previous studies. Scores between
—1 and +1 mean some inconsistency exists.

Out of all transformants tested, nearly 77% had the expected structure for the correct
deletion. Out of the 4288 targeted open reading frames (ORFs), at least 50% of Km-
resistant transformants were correct for 3490 constructs (Table 1). We tentatively
asserted an ORF as essential if 7 or 8 of 8 analyzed clones failed to demonstrate the
expected locus structure, as tested by PCR.

3.2. Functional Categories of Essential Genes

Clusters of orthologous groups (COGs) of proteins provide us not only with evolu-
tionary information but also with functional information (8, 11). ORFs can be classified
into COGs belonging to different functional categories (Fig. 2). The easiest way to
identify the COGs category of a target ORF is to access the COGnitor page (http://
www.ncbi.nlm.nih.gov/COG/old/xognitor.html), paste an amino acids sequence into
the query box, and compare it to the COGs sequences. Although this is easy to use,
only a single sequence can be analyzed at a time, and a script needs to be developed
in order to analyze multiple amino acids sequences. Required steps are

1. Prepare an amino acids sequence library in multiFASTA format.

2. Compare it against the full prokaryotic protein database xyva (available at ftp://ftp.ncbi.
nih.gov/pub/COG/old/) using BLAST (blastp) analysis.

3. Use Dignitor, the program for identification of COGs in batch mode; requires the specific
format shown in Figure 3A modified from blastp output files.

4. Run Dignitor to classify multiple proteins into COGs.

G-language is an environment for genome analysis developed by Arakawa et al.
(10). COG analysis is also covered by G-language, and the script shown in Figure 3B
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EssentialTotal COG category
Information storage and processing

170 J Translation, ribosomal structure and biogenesis
288 K Transcription
' L DNA replication, recombination and repair
Cellular processes

D Cell division and chromosome partitioning

O Posttranslational modification, protein turnover, chaperones

M Cell envelope biogenesis, outer membrane

N Cell motility and secretion

P Inorganic ion transport and metabolism

T Signal transduction mechanisms
Metabolis m

C Energy production and conversion

G Carbohydrate trans port and metabolism

E Amino acid transport and metabolism

F Nucleotide transport and metabolism

H Coenzyme metabolism

I Lipid metabolism

Q Secondary metabolites biosynthesis, transport and catabolism
Poorly characterized

448 R General function prediction only
447 S, U, or VFunction unknown
“ 1214 - No COG assignment
20 10 0 10 20

Percent of essential or total ORFs in category

Fig. 2. COG classification of essential (white numbers on black bars) and of all (black
numbers on gray bars) E. coli K-12 genes.

generates COG ID, functional category, product, number of protein hits, and BeTs (the
protein in a target genome, which is most similar to a given protein from the query
genome) score automatically.

Some ORFs could be classified into multiple COGs, especially multidomain pro-
teins. Some COGs also belong to more than one functional class. Consequently, the
303 essential ORF candidates correspond with 315 COGs (including 26 with no COG

(A) Format required for dignitor

protl - HP1114 (746 1e-79) 10..399 3..398?
(230 4e-19) 474..555 473..554?
prot2 - sll1525 (158 3e-11) 3..184 6..183

(B) Sample script of G-language for COG classification
$gb = new G("multifasta protein library file name");
dof
@result = cognitor($gb->{SEQ});
printf” %s: %s\n” , $gb->{LOCUS}->{id}, $result[0];
twhile($gb->next_locus());

Fig. 3. Sample script in G-language for classification of multiple proteins into COGs.
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assignment) (Fig. 2). The fraction of essential genes varies widely with the COG clas-
sification. The greatest fractions are in translation, ribosomal structure, and biogenesis.
The vast majority of essential genes are associated with cell division, lipid metabolism,
translation, transcription, and cell envelope biogenesis. For example, our results indi-
cate that rpoE and rpoH, encoding the RNA polymerase heat shock sigma factors E
and H, respectively, are essential, in agreement with earlier studies (12, 13). Our data
also showed that we were able to disrupt genes for five ribosomal proteins (S6, S20,
L1, L11, and L33), which had been previously shown to be nonessential (14). Discrep-
ancies for 11 others may have resulted from the use of different growth conditions,
strain, or some other artificial problem, such as accumulation of suppressor mutations
described above.

3.3. Comparison with Essential Genes Detected by Other Methods and
Other Bacteria

Several systematic approaches for identification of essential genes have been per-
formed. Genetic footprinting (5, 15) revealed 620 genes to be essential for robust
aerobic growth of E. coli K-12. Yet, only 67% (205 genes) overlap with the predicted
essential genes in this study. Striking differences can be attributed to the use of differ-
ent mutagenesis strategies (transposon insertion vs. deletion), different growth condi-
tions (broth vs. agar), or the approach for discriminating essential versus nonessential
genes. Because genetic footprinting measures cell populations, a mutation causing mild
reduction in growth rate can lead to the underrepresentation of a mutant in population
and, hence, false classification of the corresponding gene as essential. In contrast, we
sought deletion mutants as survivors without regard to growth rate. Comparisons of
our results with those from genetic footprinting (5), the PEC database (6), and trans-
poson mutagenesis (7) were performed and “essentiality scores” computed for all 303
essential gene candidates from our study (4). We also examined the conservation of
the E. coli K-12 essential genes in genomes of other organisms deposed in the Microbial
Genome Database (http://mbgd.genome.ad.jp/ [9]). Comparison with three other E. coli
genomes revealed that more than 90% (282) of the essential genes are universally
present. About one-half (147) are conserved among 20 different Enterobacteriaceae
genomes. One-third (85) are conserved among 74 Proteobacteria, and less than 15%
(42) are conserved among 171 bacteria (4). Bacillus subtilis has a 4.2-MB genome and
271 essential genes, as determined by creation of the systematic gene knockout library
(16). About one-half (150) of the orthologous genes are also essential in E. coli. Another
67 genes that are essential in E. coli are not essential in B. subtilis, and 86 E. coli
essential genes have no B. subtilis ortholog. Details are reported elsewhere (4).

3.4. Growth Profiling of Rich and Minimal Media

All mutants were analyzed for growth yield by the 96-well optical photometer
(SPECTRAmax PLUS, Molecular Devices, Eugene, OR) in both rich (LB) and minimal
glucose MOPS (17) media after 22 and 48h, respectively (Fig. 4). Growth data in
Figure 4 are summarized according to COG, and the complete information is available
in Supplementary Table 3 in our manuscript (4). All mutants in Keio collection (spots
on the plot) were grouped into seven groups (from I to VII) based on the average growth
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+25D

MOPS (48 hrs)

-25D

D
LB (22 hrs) =

Fig. 4. Profiling gene contributions for growth. Mutants of all 3985 genes in the Keio col-
lection were grown for 22h in LB and 24 and 48h in 0.4% glucose MOPS 2mM P; medium
(17). Maximal cell density values obtained are plotted. Circled areas 1, 2, and 3 are discussed
in the text (Section 3.5). Grayed areas show 2x standard deviation from the maximal cell density
obtained for the wild-type strain. Groups labeled I to VII differ by more than 2x standard
deviations.

yield and standard deviation on each axis. The vast majority appeared no different from
the wild-type (group IV in Fig. 4). Mutants in circled area 1 gave higher yield in
minimal medium than in rich one; those in area 2 gave similar yields in both medium;
and those in area 3 failed to grow in minimal medium. As expected, the majority of
mutants in area 3 have defects in biosynthesis of amino acids, purines, pyrimidines,
or vitamins. Curiously, a subset of these auxotrophs showed modest growth after 48 h,
suggesting that suppressors arose. A few mutants with deletions of genes with unknown
function also grew well in rich but not in minimal medium, which may provide a handle
on determination of their function. Some grew after 24h in minimal medium but
showed no growth after 48 h, suggesting possible cell lysis (see Note 2), the majority
of mutant strains showed no striking growth defects.

3.5. Protein-Protein Interaction Network Profile of Essential Gene Products

As protein-protein interactions are central to most biological processes, uncovering
large-scale properties of protein interaction networks potentially offers a deeper under-
standing of the system-level properties of living organisms (18). The topological para-
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meters used to compare and characterize the protein interaction networks are as
follows (19):

1. The degree K (also called average connectivity), which indicates how many links a given
node has with the others (19).

2. The clustering coefficient C, a measure of the connectivity of a node. It corresponds with
the fraction of the existing links compared with all possible links of a node (20).

3. The mean path length L, which indicates the average of the distance (the smallest number
of links that we have to pass through to travel between two nodes) between all pairs of
nodes (18).

4. The diameter D, which indicates the maximum internode distance (21).

5. The between-ness centrality B, which characterizes the degree of influence a protein has
in “communicating” between protein pairs and is defined as the fraction of shortest paths
going through a given node.

It has been shown that some protein interaction networks follow power-law distribu-
tions; that is, they consist of many interconnecting nodes, a few of which have unchar-
acteristically high degrees of connectivity (hubs). In addition, power-law distributions
can be characterized as scale-free; that is, the possibility for a node to have a certain
number of links does not depend on the total number of nodes within the network
(i.e., the scale of the network). Scale-free networks provide stability to the cell because
many non-hub genes can be disabled without greatly affecting the viability of the cell.
Recently, Jeong and co-workers (20) focused on the relationship between hubs and
essential genes and determined that hubs tend to be essential.

We constructed a comprehensive E. coli protein interaction network containing
11,511 unique interactions among 3047 proteins based on the large-scale experimental
measurement (22). The topological characteristics between the essential gene products
and the nonessential ones are compared as listed in Table 2. In a gross comparison,
we found that essential gene products have significantly more links than the nonessen-
tial gene products, validating earlier findings in budding yeast (20, 21). Specifically,
essential gene products have approximately twice as many links compared with nones-
sential gene products. We can also see from the power-law plots of the interactions of
essential and nonessential gene products (Fig. 5) that the essential gene products have

Table 2
Topological Properties of the E. coli K-12 Protein-Protein Interaction Network
Essential Nonessential p value
Average degree (K) 17.97 6.67 <107
Average clustering coefficient (C) 0.058 0.064 0.081
Mean path length (L) 3.235 3.376 <107
Diameter (D) 8 9 —
Average between-ness centrality (B) 0.00251 0.00063 <10™

Comparison of topological characteristics of essential gene products and nonessential gene products in
the protein-protein interaction network of E. coli K-12. The p values are calculated using Wilcoxon rank
sum test.
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Fig. 5. Topological properties of the E. coli protein-protein interaction network: the com-
parison of the frequency of interacting partner proteins between essential and nonessential gene
products. The x-axis represents the number of protein partners, and the y-axis represents the
frequency of interactions.

a shallower slope, indicating that a proportionately larger fraction of them are hubs.
Furthermore, within the interaction network, essential genes tend to be more closely
connected to each other as determined from the mean path length and diameter. The
between-ness centrality also implies that the essential gene products play a more impor-
tant role in the network.

3.6. Use and Distribution of Knockout Mutants

Several complete sets of the Keio collection as well as thousands of individual
mutants have already been distributed worldwide. Distribution is being handled via
GenoBase (http://ecoli.naist.jp/) and National BioResource Project (http://shigen.lab.
nig.ac.jp/ecoli/strain/top/top.jsp; see also Chapter 26) together with supporting data
and other key resources, including the ASKA (a complete set of E. coli K-12 ORF
archive) clone set (22). Several studies have already reported use of these mutants. For
example, single-gene deletion mutants of the Keio collection were utilized for the study
of uncharacterized gene function (23) and the analysis of metabolism (24-29). The
use of subsets of Keio collection mutants has substantiated the value of systematic
approaches for the understanding of cellular systems (30-32). Construction of deletion
mutants of essential genes in the presence of the corresponding wild-type alleles pro-
vided on a plasmid in trans are now underway. They will become an open resource for
the community as well.
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Notes

1. Limitations of identification of essential genes by transformation efficiency alone: There are
several limitations to identifying essential genes by our method. For example, in case of
secM, just one candidate clone out of eight tested had the expected structure, with this
outcome reproducible in several independent experiments. In this exceptional case, secM
harbors a translational arrest sequence within its C-terminus that is required for expression
of the downstream secA, encoding an essential preprotein translocase SecA subunit (33, 34).
Thus, it is reasonable to suggest that the sole secM mutant arose because it acquired a sup-
pressor allowing secA expression. The ability to select directly for knockout mutants may
have led to other mutants with suppressors. For example, the same mutagenesis strategy has
been used elsewhere to create a deletion of mreB (35), an essential gene, in which case, the
mutant was later shown to carry a suppressor (36). Yet, we repeatedly failed to recover a
AmreB mutant, even when using the primers and host strain identical to those in (35). We
have also confirmed the absence of the mreB coding sequences in their AmreB mutant isolated
in this study, thus ruling out the possibility of a duplicate mreB sequence (data not shown).
Clearly, secM and mreB are examples of “quasi-essential” genes, when suppressors allow
viability of mutants with the respective deletions. By definition, deletion of truly essential
genes cannot be mutationally suppressed. In addition to suppressors, a functional redundancy
or duplication can obscure gene essentiality. It is difficult to assess functional redundancy
without further experimentation. However, gene duplications can explain why we recovered
mutants with deletions of some genes, such as ileS and glyS, encoding isoleucyl-tRNA and
glycine (b subunit) tRNA synthetases, which are known to be essential. In these cases, the
mutants might carry intact copies of the respective deleted gene elsewhere (R. D’ Ari and K.
Nakahihashi, personal communication), presumably resulting from gene duplications.
Nevertheless, because the vast majority of mutants were recovered at a high frequency (Table
1), neither suppressors nor duplications seem to be of major concern. Genetic duplications
resulting from gene amplification have been well documented in bacteria; however, the fre-
quency is low—under ordinary conditions about 1 in 400 genes on average is duplicated in
a culture (37). If we assume similar values, then no more than about 10 of our mutants are
likely to have a gene duplication altering the interpretation of results. Even though about
1.5% of the yeast mutants were eliminated due to duplications (38), most studies on gene
essentiality fail to consider this issue. Genome sequence difference is another limitation of
this method for identifying the essential genes. We have reported genome sequence conserva-
tion on the nucleotide level between two closely related strains of E. coli K-12 (2). At the
same time, we also reported differences between them in the IS or phage-related sequence
distribution. Because genome sequence of the BW25113 strain has not been determined,
some genes might fail to be deleted due to the differences in the target sites, such as IS
insertion. This can be solved by sequencing of the entire BW25113 genome, but this is not
practical. Alternatively, confirmation of the genome structure of the border regions for the
303 candidate essential genes might solve this problem.

2. Growth profiling on rich and minimal media: Some knockout mutants showed no growth
after 48 h even though they grew after 24 h, suggesting lysis such as ddIB (p-alanine:D-alanine
ligase with ODgq at 24 h of 0.270; and ODy, at 48 h of 0.005), csgC (predicted curli produc-
tion protein, 0.224 to 0.006), rsxC (predicted 4Fe-4S ferredoxin-type protein, 0.219 to 0.061),
and others, such as ymdA (0.326 to 0.006). Many grew poorly in both rich and minimal
media, for example, priA (primosome factor), atp (ATP synthase components), and cyaA
(adenylate cyclase). Interestingly, some deletion strains showed better growth in minimal media
than in rich media, such as dsbA (periplasmic protein disulfide isomerase I), potG (putrescine
transporter subunit), fabH (3-oxoacyl-[acyl-carrier-protein] synthase III), and so forth.
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A Novel, Simple, High-Throughput Method for Isolation
of Genome-Wide Transposon Insertion Mutants of
Escherichia coli K-12

Takeyoshi Miki, Yoshihiro Yamamoto, and Hideo Matsuda

Summary

We developed a novel, simple, high-throughput method for isolation of genome-wide transposon
insertion mutants of Escherichia coli K-12. The basic idea of the method is to randomly disrupt the genes
on the DNA fragments cloned on the Kohara library by inserting a mini-transposon first, and then transfer
the disrupted genes from the A vector to the E. coli chromosome by homologous recombination. Using
this method, we constructed a set of 8402Km" cis-diploid mutants harboring a mini-Tn/0 insertion
mutation and the corresponding wild-type gene on a chromosome, as well as a set of 6954 haploid mutants
derived from the cis-diploid mutants. The major advantage of the strategy used is that the indispensable
genes or sites for growth can be identified. Preliminary results suggest that 415 open reading frames are
indispensable for growth in E. coli cells. A total of 6404 haploid mutants were deposited to Genetic Strains
Research Center, National Institute of Genetics, Japan (Chapter 26) and are available for public distribution
upon request (http://shigen.lab.nig.ac.jp/ecoli/strain/nbrp/resource.jsp).

Key Words: Escherichia coli; indispensable gene; insertion mutant; transposon.

1. Introduction

As a model organism, Escherichia coli has been playing significant role in the estab-
lishment of a number of basic concepts in molecular biology, and the enormous amount
of data accumulated to date has contributed to the understanding of a variety of cellular
processes. Nevertheless, the function of about half of the 4300 open reading frames
identified by DNA sequencing of the whole genome were unknown. As a first step to
execute systematic function analysis of E. coli genes, we developed a simple, high-
throughput method for isolation of genome-wide transposon insertion mutants of E. coli
K-12. The purpose of this chapter is to describe in some detail both the methods developed
here and the most recent collections of mini-Tn/0 insertion mutants of E. coli K-12.

The basic idea of the method is to randomly disrupt the genes located on DNA frag-
ments cloned in the Kohara library (1) by inserting a mini-transposon; and then to
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introduce disrupted genes into the E. coli chromosome by homologous recombination.
Because Kohara clones (a collection of ordered lambda clones carrying E. coli DNA
segments [I]) cover practically the whole E. coli genome, this method should allow
genome-wide isolation of insertion mutants.

As shown in Figure 1, the method consists of four steps. The first step is to generate
a random mutant sublibrary for each Kohara clone by propagating it in a host strain
carrying the mini-Tn/0(lacZo-kan) donor plasmid. The second step is to lysogenize
mutated phage sublibraries via recombination between the cloned insert and the homol-
ogous region on the E. coli chromosome (i.e., to construct partial diploids harboring
both wild-type and disrupted alleles on a chromosome). The only requirement for this
step is to supply the cl repressor, as Kohara clones have the ¢/ gene deleted. The lack
of the int gene in the Kohara clones facilitates homologous recombination by suppress-
ing the integration at lambda attachment sites on the chromosome. The third step is to
select nonlysogenic insertion mutants produced spontaneously by recombination
between the duplicated regions (i.e., to construct haploid disruption mutants from
the partial cis-diploids). The last step is to map the introduced transposon insertions
by sequencing across transposon-chromosome boundaries and to identify disrupted
genes.

The major advantage of this strategy is that the genes or sites indispensable for
E. coli growth and survival can be identified. The cis-diploid cells harboring both a
wild-type allele and a disrupted one are expected to be viable even if the insertion
occurred within a gene (or site) indispensable for growth. In contrast, in a haploid strain
insertion in a gene indispensable for growth will be lethal. Hence, by testing whether
haploid disruption mutants arise from the cis-diploid cells, genes essential for growth
can be identified.

Partial cis-diploid

Kohara clone ‘ w, ADNA
mini-Tn 10 ' o h
donor 2nd recombination
plasmid 1st recombination Selection at 42°C
Selection at 28°C / \
/Q Indispensable gene Dispensable gene
# N
Impossible to isolate Insertion mutant
Second recombination
in the presence of mini-F'
— mini-Tn 0 (facZa-kan) Y
Insertion mutant
S —
E. coli chromosome / ¢/ 1s857 A / mini-F'

Fig. 1. Schematic diagram of the systematic disruption of E. coli chromosome using mini-
Tnl0(lacZo-kan) transposon mutagenesis of Kohara clones. See text for detail.
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2. Materials

2.1.

ANk W=

2.3.

[

10.

Reagents and Labware

Kanamycin: Kanamycin monosulfate.

Ampicillin: b[-]-a-Aminobenzylpenicillin.

Chloramphenicol.

IPTG: Isopropyl-B-D(-)-thiogalactopyranoside.

TaKaRa LA PCR Kit (Takara Bio Inc. Otsu, Japan).

Automated thermal cycler GeneAmp PCR system 9700 (Applied Biosystems, Foster City,
CA), used under 9600 mode.

Polymerase chain reaction (PCR) reaction plates: MicroAmp Optical 96 Well Reaction
Plates and MicroAmp Caps (Applied Biosystems, Foster City, CA; catalogue no. N801-
0560 and N801-0535).

PCR product Pre-Sequencing Kit: Exonuclease I (10U/uL) and shrimp alkaline phos-
phatase (2U/uL) (USB Corporation, Cleveland, OH).

BigDye Terminator Cycle Sequencing Kit: Version 1.1 (Applied Biosystems).

. Buffers

TMG buffer: Composition per liter of distilled water: 1.2 g Tris base, 2.5g MgSO, 7H,0,
0.1 g gelatin. Adjust to pH 7.4 with HCI, heat to dissolve gelatin, and autoclave.

Elution buffer: Composition per liter of water: 3.0 g Tris base, 0.25 g MgSO, 7H,0. Adjust
to pH 8.0 with HCL

Media

Tryptone broth: Per liter distilled water: 10g Bacto Tryptone, 5g NaCl.

TBMM: Tryptone B1 broth with maltose and magnesium. Per liter distilled water: 10g
Bacto Tryptone, 5g NaCl; autoclave, add filtered maltose to final concentration of 0.2%
(w/v) and MgSO, from sterile stock to final concentration of 10 mM. Add filter-sterilized
thiamin to final concentration of 1 pug/mL.

TB1 agar plates: Make up Tryptone broth; add 11 g/L Bacto agar before autoclaving; add
MgSQO, to final concentration of 10mM and thiamin to final concentration of 1pg/mL;
pour into Petri plates when agar is partially cooled. For titration of phages, use the plates
while relatively fresh (within 1 week). For replica plating, dry the plates overnight at about
40°C before use.

Top agar: Tryptone broth with 7 g/LL Bacto agar.

LB (Luria broth): Per liter distilled water: 10g Bacto Tryptone, 5 g yeast extract, 5 g NaCl.
Adjust to pH 7.5.

LBCit broth: Per liter distilled water: 10g Bacto Tryptone, 5 g yeast extract, 5g NaCl, 5¢g
Na; citrate dihydrate. Adjust to pH 7.5 (Note 1).

LBCit agar plates: Make up LBCit broth; add 15 g/L agar before autoclaving. When agar
is partially cooled, pour into Petri dishes. Dry plates overnight at about 40°C before use.
TYCitSucrose agar plates: Per liter distilled water: 10g Bacto Tryptone, 5g yeast extract, 5 g
Na; citrate dihydrate, 50 g sucrose. Adjust to pH 7.5. Add 15 g/L agar before autoclaving. Pour
into Petri plates, when partially cooled. Dry plates overnight at about 40°C before use.
Antibiotics: Use at the following concentrations: kanamycin to final concentration of
25 ug/mL, ampicillin 25 pg/mL, chloramphenicol 12.5 pig/mL.

80% glycerol: 65% glycerol (v/v), 0.1 M MgSO,, 0.025M TrisCl, pH 8.
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2.4. Cultureware

Rectangular Petri dishes: omnitrays with lid (Nunc A/S, Roskilde, Denmark).

Microwell plate: U96 microwell plates (Nunc).

Replication system: Nunc Replication System (Nunc, catalogue no. 250520 and
250555).

4. Rectangular replication block.

el

2.5. Bacterial Strains, Plasmids, and Bacteriophages

1. Bacterial strains:

KP7600 (T. Miki, unpublished): F~ lacI® lacZAM15 galK2 galT22 X~ IN(rrnD-rrnE)1. A
derivative of W3110(A) (2).

LE392: F el4 (Mcr) hsdR514(ri my") ginV44 supF58 lacY or A(lacZY)6 galK?2 galT22
melBI trpR55 (3).

2. Donor strain: KP7600 harboring pKP2371 (T. Miki, unpublished) and pKP2373 (T. Miki,
unpublished). pKP2371 is a mini-Tn/0(lacZo-kan) donor plasmid with Cm" marker (Note
2). pKP2373 is a pHG329 derivative harboring the lacI? gene.

3. Recipient strain: KP7600 harboring pKP2374 (T. Miki, unpublished). pKP2374 is an Ap’
mini-R plasmid harboring the clts857 gene of A phage and the sacB gene of B. subtilis
(Note 3).

4. The Kohara bacteriophage A miniset collection (1), based on the EMBL4 A vector (4).

2.6. Primers

1. PCR primers (Note 4):
LAMI: 5-ACAGTCGGTGGTCCGGCAGTACAATGGATTACC-3'.
LAM2: 5-GCAACCTGCAACGTATTGAGCGCAAGAATCAGC-3".
2. Sequencing primer (Note 5):
TP3: 5’-CGACGTTGTAAAACGACGGCCAGT-3'.

3. Methods

3.1. Isolation of Genome-Wide Transposon Insertion Mutants

3.1.1. Generating mini-Tn10(lacZa-kan) Insertion Sublibraries for
Each Kohara Clone

1. Grow the donor strain to saturation in TBMM at 37°C.

2. Collect the cells by centrifugation and suspend the pellet in 10mM MgSO, solution to
ODy of 1.0.

3. Add 2 x 10° target phage particles (originating from a single Kohara clone) to 0.1 mL of
donor strain and allow to adsorb for 20 min at 37°C.

4. Dilute with 4.0mL LB supplemented with 10 mM MgSO, and incubate at 37°C with vigor-
ous shaking.

5. In 100min, add 1/100 volume of 0.1 M IPTG to induce the transposase expression.

6. After lysis has occurred, add a few drops of chloroform, incubate for 15 min at 37°C, and
pellet debris by centrifugation. Save supernatant, titer, aliquot, and store at 4°C.

3.1.2. Lysogenizing Sublibraries

1. Grow the recipient strain to saturation in LB supplemented with 0.2% maltose and 10 mM
MgSO, at 28°C.



Isolation of Genome-Wide Transposon Insertion Mutants of E. coli K-12 199

10.

1.

12.

Collect the cells by centrifugation and suspend the pellet in 1/2 volume of 10mM MgSO,

solution.

Mix 1.6 x 10" mutagenized phage particles (generated as described in Section 3.1.1)

with 1.0mL of the recipient strain and incubate 30min at 28°C to allow

adsorption.

Dilute the cell/bacteriophage mix with 10.0mL LB supplemented with 25 ug/mL ampicil-

lin and incubate for 2h at 28°C for phenotypic expression.

Centrifuge the culture to collect the cells and suspend the pellet in 1/2 to 1/3 volume of

TMG buffer.

Spread the cell suspension onto LBCit plates supplemented with kanamycin and ampicillin.

Incubate for 36h at 28°C. About 300 to 500 colonies per 10'° PFU will be obtained

(Note 6).

Using toothpicks, transfer 300 to 400 Km' colonies onto LBCit plates supplemented with

kanamycin and ampicillin and incubate for 18h at 28°C.

Prepare TB1 plates overlaid with LE392 in advance. Grow LE392 to saturation in TBMM

at 37°C, pellet and resuspend the cells in 10mM MgSO, solution to bring ODg, to 1.0.

Add 0.1mL LE392 to 3.0mL melted top agar (48°C), mix gently, and immediately pour

onto a TB1 plate dried overnight at about 40°C in advance. Leave plates in a refrigerator

for 2 to 4 h prior to use to harden the top agar by allowing bottom agar to absorb the water
contained in the top agar.

Replica-plate the Km" transductant plates onto:

(a) LBCit plates supplemented with kanamycin and ampicillin (to preserve Km'
transductants).

(b) LBCit plates supplemented with chloramphenicol (to eliminate clones with entire
donor plasmid integrated).

(c) TBI1 plates overlaid with LE392 (to eliminate nonlysogenic haploid transductants).
Incubate all LBCit plates at 28°C and TB1 plates overlaid with LE392 at 39°C
(Note 7).

Select those colonies that formed lysis zones on TBI1 plates but did not grow on

chloramphenicol plates. Pick them onto rectangular LBCit plates supplemented with

kanamycin and ampicillin with toothpicks. Incubate for 18h at 28°C. Ninety-six or

192Km" colonies per each Kohara clone would be a good number to manage at a

time.

Inoculate the Km' colonies into 80 uL LBCit broth supplemented with kanamycin and

ampicillin dispensed in microwell plates using the Nunc replication system. Incubate at

28°C overnight with mild shaking using a microwell plate shaker.

Add 80uL of 80% glycerol, mix well, and store at —80°C.

3.1.3 Sequencing Across Transposon-Chromosome Junctions

1.

Replica-plate the Km®/Cm® transductants, described in Section 3.1.2, step 10, onto rec-
tangular TB1 plates overlaid with LE392 (prepared as described in Section 3.1.2, step 8)
using a rectangular replication block. Incubate overnight at 39°C (Note 7).

Pick each lysis zone produced with a Pasteur pipette and wash out the plug in 100puL
elution buffer dispensed in microwell plates. Leave the plates for 1 to 2h at room tempera-
ture to elute bacteriophages for PCR amplification. If necessary, they may be stored at
—80°C.

Amplify E. coli DNA in each A clone by polymerase chain reaction using a TaKaRa LA
PCR Kit with PCR primers LAM1 and LAM2 (Note 8).
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Reaction mixture:

Water 7.32uL
10x Buffer, Mg free 2.0uL
25mM MgCl, 1.88uL
dNTPs, 2.5mM each 3.2uL
Primer LAMI1, 10uM 0.2uL
Primer LAM2, 10uM 0.2uL
Phage suspension 5.0uL
LA Taq polymerase (5 U/uL) 0.2uL
Total 20.0uL
Cycling condition:
Hot start I'min at 95°C
Denature I'min at 95°C
Anneal and extend 15 min at 68°C
30 cycles
Time delay 10min at 72°C
Soak Overnight at ~ 4°C

Analyze PCR products by agarose gel electrophoresis using 2uL of each reaction
mixture.

Digest unconsumed deoxynucleotide triphosphates (ANTPs) and primers by adding 1 uL
shrimp alkaline phosphatase and 1 pL exonuclease I to 18 uLL PCR mixtures and incubating
at 37°C for 60min, followed by incubation at 80°C for 20min to inactivate the enzymes.
Determine the nucleotide sequences by the dideoxy chain-termination method of Sanger
et al. (5), using sequencing primer TP3. Use 4uL PCR amplified DNA per sequencing
reaction (in 10uL total volume).

Determine the sites and orientations of transposon insertions in E. coli chromosome by
comparing sequencing reads with the sequence of a parental Kohara clone.

Identify open reading frames (ORFs) where insertions have occurred.

3.1.4. Preparing cis-Diploid Mutants Harboring a mini-Tn10 Insertion

1.
2.

e

Select mutants harboring mutations in target ORFs.

Scrape the surface of glycerol stocks prepared in Section 3.1.2, step 12, and streak-purify
the mutants to single colonies on LBCit plates supplemented with kanamycin and ampicil-
lin at 28°C.

Prepare glycerol stocks of the purified mutants and store at —80°C.

Prepare phage lysate from each mutant, amplify bacterial DNA cloned in each A clone,
and determine the sequence of transposon-chromosome junctions, as described in Section
3.1.3, for confirmation.

3.1.5. Preparing Haploid Mutants Harboring a mini-Tn10 Insertion

1.

2.

Streak out the cis-diploid mutants obtained in Section 3.1.4 on LBCit plates supplemented
with kanamycin and ampicillin and incubate at 42.5°C overnight (Note 7).

Grow a single colony isolated from each cis-diploid mutant on LBCit plates supplemented
with kanamycin (without ampicillin) at 37°C to allow spontaneous segregational loss of
plasmid pKP2374 (Note 9).
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Table 1

Plan for Plating cis-Diploid Mutants

Experiment no. Dilution No. plates to be used Incubation

1 10°° 2 28°C for 36h
2 10 2 42.5°C for 20h
3 10 2 42.5°C for 20h
4 107 2 42.5°C for 20h
5 102 2 42.5°C for 20h

3. Streak out the culture on TYCit sucrose plates and incubate at 28°C to select for plasmid-
free haploid insertion mutants (Note 10).

4. Purify the colonies obtained on LBCit plates at 37°C.

5. Prepare glycerol stocks of the purified mutants and store at —80°C.

3.2. Making Gene Essentiality Assertions (Notes 11 and 12)

1. Grow to saturation the cis-diploid mutants to be tested in LBCit medium supplemented
with kanamycin and ampicillin at 28°C.

2. Prepare 10-fold serial dilutions of the culture in TMG buffer, spread 0.1 mL of each dilu-
tion on LBCit plates supplemented with kanamycin and ampicillin, and incubate at 28°C
or 42.5°C, as indicated in Table 1.

3. Count the number of colonies and calculate the ratio of the colonies formed at 42.5°C over
the ones formed at 28°C.

4. Assert the genes as dispensable or indispensable based on the frequencies of formation of
Km® haploid mutants, i.e., nonlysogenic derivatives of “cis-diploid” mutants (Note 13).

3.3. Whole Genome-Ordered Nonredundant Collection of E. coli mini-Tn70
cis-Diploid Insertion Mutants Available for Public Distribution

We have constructed a genome-wide random-insertion library of an E. coli strain
KP7600, a W3110 derivative, utilizing the strategy described here. Sublibraries of
mini-Tn/0(lacZo-kan) insertion mutants were constructed for each of 462 Kohara
clones. A total of 135,000 independent Km® lysogens (i.e., partial cis-diploid strains
harboring a mini-Tn/0 insertion mutation and the corresponding wild-type gene on
a chromosome) were constructed. By sequencing across transposon-chromosome
junctions, 58,500 different insertions were mapped onto the E. coli chromosome. To
construct a nonredundant library of E. coli cis-diploid transposon insertion mutants,
two clones per nearly every E. coli ORF were selected, each harboring a mini-
Tnl0(lacZo-kan) insertion located near the 5” end in one of the two opposite orienta-
tions. The selected clones were streak-purified to single colonies and resequenced for
confirmation.

A total of 8402 mutants representing about 90% of the predicted E. coli ORFs were
retained as “a cis-diploid collection” of mini-Tn/0 insertion mutants. Next, 6954
haploid derivatives were constructed from the “cis-diploid collection” mutants, tested,
and retained as “a haploid collection.” Both collections are available for public distribu-
tion upon request from Genetic Strains Research Center, National Institute of Genetics,
Japan (http://shigen.lab.nig.ac.jp/ecoli/strain/nbrp/resource.jsp; see Chapter 26).
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By testing whether haploid disruption mutants can be isolated from each cis-diploid

mutant, indispensable E. coli genes were identified. Our preliminary results suggest
that 370 ORFs are indispensable for E. coli growth on LBCit plates (Section 2.3) at
42.5°C.

Taking into account the 45 known essential genes, for which our attempts at isolating

insertion mutants have been unsuccessful, the total of 415 genes were identified as
potentially indispensable for normal growth of E. coli cells.

Notes

1.

2.

Sodium citrate prevents infection of nonlysogenic haploid derivatives with A phages pro-
duced by lysogenic cis-diploid cells.

Plasmid pKP2371 is a pNK2887 derivative (6). The Ptac-ATS transposase gene (“deriva-
tive 2”) comes from pNK2887, but the mini-transposon sequence and the backbone plasmid
are replaced with a reconstructed one and pKP1588, respectively. The engineered transpo-
son has a length of 2058 bp and contains trp-lacZo. gene fusion, the kan gene, and promoter
sequence of the araB gene, bordered by inverted repeats of the outermost 70bp of IS/0
Right (Fig. 2). The upstream stem structure of the kan gene was eliminated to avoid the
interference with DNA sequence analysis. pKP1588 (T. Miki, unpublished) is a 7.8-kb
mini-R-based cloning vector (derived from pRR12, a copy mutant of NR1) harboring lacI?
and cat genes. As the donor plasmid pKP2371 has the Prac-ATS (altered target specificity)
transposase gene, the specificity of insertion is sufficiently low (6) to construct random-
insertion library. Furthermore, the transposase gene is located on the donor plasmid outside
the actual transposon, hence, no secondary transposition events are possible within recom-
binant phages or E. coli chromosome once the recombinant phages are transfected into
recipient strain (away from pKP2371).

Outermost 70bp of 1S 70 Right
CTGATGAATCCCCTAATGATTTTGGTAAAAATCATTAAGTTAAGGTGGATACACATCTTG

TCATATGATCCCGGATCCGGACCGATGAAAGCGGCGACGCGCAGTTAATCCCACAGCCGC
trpA’
CAGTTCCGCTGGCGGCATTTTAACTTTCTTTATCACACAGGAAACAGCTATGACCATGAT
lacZ o
TACGGATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCA
3'-TGACCGGCAGCAAAATGTTGCAGC-5 ' (Sequence primer TP3)
ACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCG

CACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTT
TCCGTAAGGATCCGGCCGGCCAATGCGGCCGCAGATCCACGTTGTGTCTCAAAATCTCTG
S

................................... kan

ACTGTTTCTCCATACCCGTTTTTTTGGATGGAGTGAAACGATAGATCCGGGATCATATGA

CAAGATGTGTATCCACCTTAACTTAATGATTTTTACCAAAATCATTAGGGGATTCATCAG
Outermost 70bp of 1S 70 Right

Fig. 2. The mini-Tn/0(lacZo-kan) transposon sequence and structure. For simplicity, not all

of the 2058-bp sequence is shown. The lacZo gene initiation and termination codons are shown

by

thick underline. Sequencing primer of TP3 is shown at the annealing site.
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10.

11.

12.

. pKP2374 is a derivative of the mini-R plasmid pKP2305 harboring the clts857 gene of A

phage and the sacB gene of B. subtilis (7). pKP2305 (T. Miki, unpublished) is a NR1-based
cloning vector with Ap" marker. The temperature-sensitive repressor allows lysogenization
of Kohara phages carrying a Km' insertion mutation at 28°C and selection of Km" haploid
recombinants at 42.5°C. The sacB gene allows selection of haploid insertion mutants cured
of pKP2374 by growing on TYCit sucrose plates.

LAMI1 anneals 678 bp upstream of the BamHI cloning site on the left arm of A EMBLA4,
and LAM2 is located 640bp downstream from the BamHI cloning site on the right arm of
EMBLA4 (8).

. Sequencing primer TP3 anneals 231 bp downstream from the 70bp of IS/0 Right on mini-

Tnl0(lacZo-kan) (Fig. 2).

Cloning of a variety of insertion mutations, which are carried, as a mixture, by mutagenized
phage particles generated from a single Kohara library clone (described in Sections 3.1.1)
was accomplished in this transduction step.

The prophage integrated in a “cis-diploid” mutant will excise if incubated at 42.5°C, as the
cl repressor produced by pKP2374 is temperature-sensitive, and mutants would not form
colonies as a result. On the other hand, Km' haploid mutants (i.e., nonlysogenic derivatives
of “cis-diploid” mutants) will grow at 42.5°C unless the disrupted gene is indispensable for
growth. However, 42.5°C is too high for the excised A phages to propagate efficiently.
Hence, we chose 39°C as the incubation temperature in all experiments that needed excision
and propagation of recombinant phages.

. Amplification of long E. coli DNA fragments by PCR is a critical step. All components

of the reaction are chilled before they are combined, and all operations are carried out
at 0°C on an aluminum block placed on ice. DNase-free, RNase-free distilled water was
used for preparation of reaction mixtures. Master mix for 96 samples was prepared
by mixing carefully 768.6 uLL sterile water, 210uL. Mg free 10x buffer, 197.4uL 25 mM
MgCl,, 336 uL ANTP mixture (2.5mM each), 21 pL Primer LAMI1 (10uM), 21 uLL Primer
LAM2 (10uM) and 21uL Taq polymerase (5 U/uL). Master mix (15uL) was dispensed
into each microwell of a reaction plate with 8-channel micropipettor, and 5uL of phage
suspensions were then added to each well. Mixing at this step is unnecessary. The wells
were closed with MicroAmp Caps (8 Caps/strip), and the reaction mixtures were collected
to bottom by centrifuging at 1000rpm for 1min. The plate was placed on a thermal
cycler prewarmed to 95°C and incubated for 1 min for hot start. Then PCR program was
started.

About 1% of cells lose pKP2374 per cell division when grown in the absence of selective
pressure.

Because pKP2374 harbors sacB, only cells that have lost this plasmid can grow on a plate
containing 5% sucrose.

The “cis-diploid” mutants that harbor both a wild-type allele and a mutated one in a chro-
mosome are expected to be viable, irrespective of whether mutated gene is dispensable or
indispensable. In contrast, “haploid” mutants harboring mutations in dispensable genes are
viable, whereas “haploid” mutants harboring mutations in indispensable genes are lethal.
Hence, by testing whether haploid insertion mutants arise from cis-diploid cells, E. coli
genes indispensable for growth and survival can be identified.

Preliminary data will be obtained by replica-plating Km' transductant plates described in
Section 3.1.2, step 10, onto LBCit plates supplemented with kanamycin and ampicillin and
incubating at 42.5°C. Results obtained in the experiments described in Section 3.1.5, step
1, will also be informative.
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13. The frequency of formation of the nonlysogenic haploid derivatives of “cis-diploid”

mutants largely depends on two factors: one is whether or not a disrupted gene is
indispensable for E. coli growth, and the other is the location of an insert within the
original Kohara clone relative to the ends of the cloned E. coli DNA fragment (the
latter greatly influencing interchromosome recombination efficiency). Based on our
control experiments with genes previously reported to be essential or nonessential (data
not shown), we concluded that a disrupted gene can be deemed dispensable if the
frequency of formation of nonlysogenic Km"® derivatives was higher than 10™. We
asserted a gene as indispensable if this frequency was lower than 10~ and the insertion
was mapped farther than 300bp from the nearest end of the cloned fragment in the
Kohara clone. For more accurate judgment, the frequencies of nonlysogenic Km® derivative
formation can be measured in the presence of a complementing wild-type gene (pro-
vided on a plasmid in trans) and compared with those obtained in the absence of
complementation.
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High-Throughput Creation of a Whole-Genome Collection of
Yeast Knockout Strains

Angela M. Chu and Ronald W. Davis

Summary

Gene disruption methods have proved to be a valuable tool for studying gene function in yeast. Gene
replacement with a drug-resistant cassette renders the disruption strain selectable and is stable against
reversion. Polymerase chain reaction—generated deletion cassettes are designed with homology sequences
that flank the target gene. These deletion cassettes also contain unique “molecular bar code” sequence
tags. Methods to generate these mutant strains are scalable and facile, allowing for the production of a
collection of systematic disruptions across the Saccharomyces cerevisiae genome. The deletion strains can
be studied individually or pooled together and assayed in parallel utilizing the sequence tags with
microarray-based methods.

Key Words: gene disruption; homologous recombination; sequence tags; systematic disruption; yeast
deletion; yeast knockout.

1. Introduction

When Saccharomyces cerevisiae became the first fully sequenced eukaryote, approx-
imately 6000 open reading frames (ORFs) were identified (I). In itself, knowledge
of the sequence did not directly translate into knowledge of gene functions, as 30%
of this single-celled organism’s gene functions are still not known (2). Yeast is a
model organism that shares many of the same essential cellular processes as
multicellular organisms, has both haploid and diploid cell types, and is tractable for
genetic studies. A powerful method to elucidate gene function is gene disruption—
removal of a functional protein allows for the study of its loss of function phenotype
(3). Utilizing the yeast genome sequence, an international consortium of laboratories
distributed the efforts to delete every ORF in the yeast genome. ORFs larger than 100
codons as well as “verified” shorter ORFs were disrupted from the translational start-
to stop-codons and replaced with a kanamycin drug resistant marker and flanked by
two unique 20-mer sequence tags that each serve to unequivocally identify each gene
disruption (4, 5).

From: Methods in Molecular Biology, vol. 416: Microbial Gene Essentiality
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Well-established methods (6, 7) were optimized for high-throughput construction of
the deletion strains utilizing the 96-well microtiter plate (MTP) format. ORF-specific
polymerase chain reaction (PCR)-generated cassettes are integrated into the target locus
with high efficiency through homologous recombination. ORF lists, genomic sequences,
and ORF locations are obtainable from the Saccharomyces Genome Database (SGD;
http://www.yeastgenome.org/) (8).

Two oligonucleotides are designed that specifically flank the start- and stop-codons
for each ORF; appended to these sequences are unique 20-base sequence tags and
common PCR primer sequences. The 3" ends of the primers amplify the dominant drug
marker for kanamycin (G418) resistance (9). An additional pair of oligonucleotides
extends the cassette’s yeast homology regions to 45 bases in a second round of PCR
amplification. The deletion cassette is transformed into diploid yeast cells (10) and,
through homologous recombination, replaces one copy of the wild-type gene (Fig. 1).
Growth in the presence of G418 selects for recombinant colonies, which are verified
for correct locus integration by the cassette with PCR (Fig. 2).

Heterozygous diploid deletion strains are subsequently sporulated; MATa and MATo
cell types are identified from the tetrads. A nonessential gene produces four viable
haploid spores: two contain the intact ORF and two contain the disruption cassette.
Essential gene deletions yield only two viable spores, each containing the undeleted
wild-type ORF. Homozygous diploid strains are constructed from the mating of two
independently isolated haploid mutants.

Round 1 PCR

[“ate [utPTac]uz >
N e

Round 2 PCR l '
UPSTREAM
| ATG |U1[UPTAG|U2| kanMX4 |D2|DNTAG|D1| TAA |
< DNSTREAM
Deletion Cas