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ABSTRACT

As more whole genome sequences become available, there is asimgreeed for high-
throughput methods that link genes to phenotypes and facilitate disadvesyw gene functions.
The objective of this study was to develop a high-throughput methoddyp géne functions in
bacteria and use this method to study gene functioi®s ehtericaserotype Typhimurium§S.
Typhimurium) under various environmental conditions encountered duringitsylife. Chapter
| of this dissertation reviews the history and evolution of functigealomics in bacteria with
focus on Salmonella, along with the recent techniques available.te€hfpdeals with the
development of new version of Tn-seq (Transposon-sequencing) mietladdng a modified
EZ:Tn5 transposon for genome-wide and quantitative mapping of altiomsein a complex
mutant library utilizing massively parallel lllumina sequerci The new version of Th-seq
method was applied to a genome-saturag@yphimurium mutant library recovered from
selection under 3 differenh vitro growth conditions (diluted LB medium, LB medium + bile
acid, and LB medium at 42°C), mimicking some aspects of host sged¥er identified an
overlapping set of 105 protein-coding geneS.imyphimurium that are conditionally essential in
at least one of the above selective conditions. Phenotypic studyetibdehutantsgyrD, ginL,
recD and STM14 5307) confirmed the phenotypes predicted by Tn-seq data, nglitiei
utility of this approach in discovering new gene functions. The fonatirelevance of the genes
identified was also studied. In chapter 3, Tn-seq method was appbted fbod safety
perspective to a genome-saturat@gTyphimurium mutant library recovered from selection
under 2 differentn vitro growth conditions (4°C and -20°C), mimicking storage temperature of
chicken meat. We identified an overlapping 42 genes conditionalgntesin the selective

conditions. The overall study demonstrated the utility and effigi@iadhe Tn-seq method in



comprehensive identification of conditionally essential gen&aimonella The genes identified
here could be an important resource for better understanding or cafrf@imonellaincluding
development of novel antimicrobials and vaccines. With continuously inegeasiquencing
capacity of next generation sequencing technologies, this rolused method will aid in
revealing unexplored genetic determinants and the underlying meetsaaf various biological
processes irBalmonellaand the other approximately 70 bacterial species for which EZ:Tn5

mutagenesis has been established.
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INTRODUCTION

The term “genome” was first used in 1920 and refers to a congeétef genes and
chromosomes of an organism. In 1986 Thomas Roderick coined the term “gentumesie a
new journal ‘Genomics” and to describe the science of sequencing, mapping, and genome
analysis (McKusick, 1997). Since then the term has been universadiptad and this scientific
discipline has undergone expansion with the rapid development of the sequiectinologies.
Now genomics may be classified into two major field namelycairal and functional genomics
(Hieter and Boguski, 1997). Structural genomics deals with initéajes of genome analysis
where high resolution genetic, physical and transcript maps argwziad to obtain the ultimate
physical map of an organism, the complete DNA sequence. Functemaings deals with the
application of experimental approaches to assess the function gértles utilizing information
provided by structural genomics. It involves high through-put experiineagproaches
combined with statistical and computational analysis of the reSMith the rapid development
of next generation sequencing technologies (NGS), complete gengomense information is
available for increasing number of organisms. To keep up with tleebedlogies and ever
increasing sequence information, there is a need for high-tpwoatgnethods that link genes to
phenotypes. This would lead to discovery of new gene functions and hggnusew insights

into the behavior of biological systems.

Food borne pathogens are bound to encounter variety of stress conditibnassuc
fluctuating temperature, osmotic pressures, and different food praduenvironment,
nevertheless they are able to survive and cause illnesses infieitted host. Bacterial pathogens
have an ability to cope with the adverse conditions in the environmdrguavive to reach host

microenvironments that are usually not accessible to nonpathogergridadhe survival
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strategy depends upon the expression of bacterial factors undeerdift®nditions in timely
manner to evade various host immune mechanisms in vivo (Slaudd, 1997). The
identification and characterization of the genetic factors redplenfar the survival strategies
has been an area of major interest to the researchers @vebn2009). The identification and
characterization of genetic elements responsible for expressibactdrial factors has led to
development of effective control measures like antibiotics and vacdkmibiotics have proved
to be highly effective in treating and controlling bacterialeations; however, antibiotic
resistance has steadily increased in the last three de&mal#eria have a potential to develop
resistance to almost every antibiotic irrespective of its aterolass or molecular target (Miesel
et al., 2003). The ever growing concern about antibiotic resistance hasideningvith
revolutionary progress in the availability of genome sequencekighdhroughput methods to
study bacteria (Raskiet al., 2006). Development of the new technologies and strategies
combined with genome sequences and bioinformatics tools has revolutionized thehegge mst
are studied today. Significant progress has been made in the desptomih various
experimental approaches to identify bacterial essential genggutence genes fom vivo
survival on a genome-wide scale which could be potential drugtsgiBassettiet al., 2001;
Hughes, 2003)These drug targets would lead to development of a narrow theragsetticusn
antimicrobials directed specifically to the biochemical targed decrease the likelihood of

development of broad antibiotic resistance.

This doctoral research project is focused on development of highgtipu transposon-
sequencing (Tn-seq) method and its application along with next gemerséiquencing
(Mlumina) to conduct genome-wide identification &. entericasub sp. enterica serovar

Typhimurium (S. Typhimurium) genes that are conditionally esserdrafyfowth or survival



under the conditions mimicking the conditions Salmonella cells encounsideia host and its
surroundings during its lifecycle. The genes identified in thisysttwuld be an important
resource for better understanding Sdlmonellagenetic mechanism for fithess under specific
selective conditions, and also promising targets for development of aotmicrobials and

vaccines.
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1. DNA Sequencing

Since the identification of DNA as a genetic material lrddy and Chase in 1952 and
discovery of double helix structure by Watson and Crick in 1953, therdd®as increasing
demand for DNA sequence information. This demand has led to the devetopinrenovative
methodologies and technologies to obtain DNA sequence information. DiN#rsgng entails
these methods and technologies used to determine the order of the dediestts namely
adenine, thymine, guanine and cytosine in a DNA molecule. The advarcemdNA
sequencing technologies has been characterized by introductionm&fthend, its adoption,
improvement, and use for a period of time then its replacenyeatnegw technology. The very
earliest sequencing techniques involved laborious technique of cleavirgpshgrucleotides
and subsequent identification of the bases by their migration chasticc. The DNA was
sequenced by a chemical procedure that broke a terminalledaBD®A molecule partially at
each repetition of a base. The length of the labeled fragnentised to identify the positions of
that base. The products obtained were resolved by size, by elecasighon a polyacrylamide
gel and the DNA sequence was read from the pattern of rag®dends (Maxam and Gilbert,
1977). Maxam-Gilbert sequencing was not adopted further due to heidakc complexity
prohibiting its use in standard molecular biology kits, extensiveotileazardous chemicals, and
difficulties with scale-up (Pesole and Saccone, 2003). This wi#®ved by a significant
milestone in mid 1970s by Sanger group when they introduced theirofdesing primed
template replication by polymerase and separation of the prodycielbelectrophoresis to
obtain DNA sequence information (Sanger and Coulson, 1975). Sanger’s grihwgp modified
this approach by introducing the base specific chain terminasong dideoxynucleotides and

this served as the foundation of sequencing for more than thradede(Sangeet al., 1977).



During these 30 years, significant improvements were made thatl@cthe use of fluorescent
labeled terminators instead of radiolabeled, separation of the prastuatsylamide matrices in
capillaries instead of gel slabs, introduction of mechanized teenptaparation and devices for
automated production and reading of sequence ladders (Holt and Jones, PG83).
mechanization and industrialization of the sequencing approachesdhasthe dawn of modern
era of genomics with introduction of next generation and upcomingl theneration

technologies. DNA sequencing has revolutionized the biological cdseaday it has become
the indispensible part of biotechnology, diagnostic biology, moleculartigerend forensic

biology.

2. Next-generation Sequencing (NGS)

The basic characteristic of the past sequencing platforms thaaselectrophoretic
separation of terminated DNA chains whereas present NGS platimercharacterized by flow
cell sequencing. Flow cell sequencing involves stepwise deteramnat DNA sequences by
repetitive cycles of nucleotide extension conducted in parallel osiveasumber of clonally
amplified template molecules (Holt and Jones, 2008). In other words,téBSologies allow
massively parallel sequencing of a large number of templatgnents. There are different
platforms of NGS technologies based on the same flow cell saggewget utilizing different
sequencing chemistries. Various NGS platforms and their workflevdascribed briefly as

follows

2.1. 454 Pyrosegquencing

Roche 454 Life Sciences was the first company to commereiali next generation

sequencing platform in 2005 (Margulies al., 2005). The 454 flow cell supports a “picotiter”



plate, with wells of 55um depth and 44um widths on 75 mm x 75 mm fiber optic slide
(Rothberg and Leamon, 2008). Each individual molecule of sheared templatés@sptured
on a separate bead, and each bead is compartmentalized in a gnoydé¢ of agueous PCR
reaction mixture within an oil emulsion. Figure 1 shows the 454 #bart; figure has been
reproduced fronTrends GenefMardis, 2008a) with permission. Template is clonally amplified
on the bead surface by emulsion PCR, and the template-loaded beads are thatedisito the
wells of the picotiter plate. Sequence is obtained by pyroseaqugrtbe wells are loaded with
bead-tethered sequencing enzymes (polymerase, sulfurylase, afetased, and buffer
containing one of four dNTPs is flowed across the plate weltbete is a match to the primed
template, polymerase incorporates the nucleotide and releasespagsphate molecule which,
when converted to ATP by sulfurylase, generates a lucifeatsdyzed chemiluminescence
signal that is imaged and recorded (Holt and Jones 2008). The rasidisbdtides are washed
out and the cycle is repeated with the next dNTP. The currentr@ Sequencer (GS) FLX
Titanium chemistry platform features long reads of 300-500bp, eroaptaccuracy and high

throughput (http://uagc.arl.arizona.edu/index.php/next-gen-sequencing-seocicedb4.html).

2.2.  Illumina sequencing

The second next sequencing platform called 1G Analyzer, today knowvillurama
Genome Analyzer was developed by Solexa which, was later oantedharketed in 2006 by
lllumina Inc. (San Diego, CA). This technology is the first of thassive parallel short-read
platforms and today is the most successful and widely-adoptedgeeatation sequencing
platform (www.illumina.com). The key features of this systera the in-situ template
amplification and use of four-color Sanger-like but reversiblaiteators. The Illlumina flow cell
is a planar optically transparent surface comparable to @sompe slide containing a lawn of

7



oligonucleotide anchors attached to its surface (Holt and Jones, 2@fi8¢ Eishows workflow
of lllumina genome analyzer and this figure was reproduced Tr@mds GenetMardis, 2008a)
with permission. Adapters complimentary to oligos on the flow sugfface are ligated to the
ends of size-selected DNA and these adapted single-stranded &blAsund to the flow cell
and amplified by solid-phase bridge PCR. In each bridge PCR, gytining occurs by arching
of the template molecule such that the adapter at its free end hybridinesisgpaimed by a free
oligo on the flow cell surface resulting in a raindrop patternlafally amplified templates.
Sequencing proceeds by synthesis using reversible four-colordt@mee where a mix of the
four bases each labeled with a different cleavable fluorophoredssuseltaneously to find out
a given nucleotide position in the template. Labeled terminatorsepriand polymerase are
applied to the flow cell. Each base incorporation step is followeninlging and recording of
the fluorescent signal at each cluster, the sequencing reagentgasihed away, labels are
cleaved, and the’3nd of the incorporated base is unblocked in preparation for the next
nucleotide addition. The end result is highly accurate base-bysegsencinglata for broad

range of applications.

2.3. Sequencing by Oligo Ligation and Detection§OLiD)

The third next generation platform called SOLID system was loesd by Applied
Biosystems in 2008. It combines elements of various approaches to segloradly amplified
DNA fragments linked to beads. The amplification and the attachimeiné beads are similar to
Roche and lllumina but it relies on unique sequence by ligation appreacg dye-labeled
oligonucleotides. The method provides two base redundancies in segaadsethat enables
extra quality check of read accuracy. Figure 3 shows theil3@brk flow; figure has been

reproduced fronTrends GenefMardis, 2008a) and Annu Rev Genomics Hum Genet (Mardis,

8



2008b) with permission. Briefly, oligo adaptor-linked DNA fragments @upled with 1-mm
magnetic beads displaying complementary oligos and each beade@Nplex is amplified by
emulsion PCR. The beads are then covalently attached to the soffacglass slide that is
placed into a fluidics cassette within sequencer. The annealingroversal sequencing primer
that is complementary to the SOLID specific adapters on tharyibdragments initiates the
ligation based sequencing process. The addition of a limited setnofdegenerate 8mer
oligonucleotides and DNA ligase is automated by the instrument.nVehenatching 8mer
hybridizes to the DNA fragment sequence adjacent to the uniyaisar 30 end, DNA ligase
seals the phosphate backbone. After the ligation step, a fluoresaedout identifies the fixed
base of the 8mer, which corresponds to either the fifth position oet@d position, depending
on the cycle number. A subsequent chemical cleavage step removes the sixth thtabhdrasey
of the ligated 8mer by attacking the linkage between bases %,atltereby removing the
fluorescent group and enabling a subsequent round of ligation. The pommess in steps that
identify the sequence of each fragment at five nucleotide intervals, asghtihesized fragments
that end at base 25 (or 35 if more cycles are performed¢m@ed by denaturation and washed
away. A second round of sequencing initiates with the hybridizatioanoh-1 positioned
universal primer, and subsequent rounds of ligation-mediated sequeauingp on. The SOLID
system applications include mutation discovery, metagenomic ¢thiazation, non-coding RNA

and DNA—protein interaction discovery.

3. Third generation sequencing

The third generation sequencing platforms based on single molecuiensang have
already been envisioned and all set to emerge in the market Boeradvantage of single
molecule sequencing is the ability to sequence without amplifyiagemplate which permits

9



the accurate quantification of specific RNA or DNA moleculgsdig from very small starting
template amount (Podolak, 2010). There are three major companies hehebs Biosciences
(Cambridge, MA), Pacific Biosciences (Menlo Park, CA), and CotapBenomics (Mountain
View, CA) racing not only to create novel technology platform Hsb @0 provide whole

genome sequencing services at $1000 per genome (Podolak, 2010).

With the aid of these sequencing technologies, it is now possibleguire gigabases of
sequence information in just few days. These technologies have &ppican genomics,
metagenomics, transcriptomics, epigenomics, mutation mapping, chronmatmuno-
precipitation, and discovery of noncoding RNAs (Mardis, 2008a; MacLeah,&€009). The
sequence based characterization of genome has revolutionized thechiolegearch, the
fundamental knowledge has been enhanced by the ability to gathemgewvide sequence

information and it has helped better understand the functional genome.

4. Salmonella

Salmonellais a gram negative, facultative anaerobe, flagellated rod shegmerium.
Salmonellae are non-fastidious as they can grow and survive uadeuss environmental
conditions outside a host. Salmonella is responsible for causing lliénn@innual cases of
typhoid, 1.3 billion cases of gastroenteritis and 3 million deaths waldd{Bhunia, 2008)lt is
one of the most common food borne bacterial pathogen affecting about ligh rpiople
annually in the U.S. causing 20000 hospitalizations and 400 deaths resultotgl inost of
estimated 3 billion dollars annually in the U.S (Economic Resesewohce 2011; Scallaet al.,

2011).

10



Epidemiologically, Salmonellaclassification is based on host preference (&ual.,
2011). There are 3 groups, first includes host restricted serovaiafd@ only humans e.gS
Typhi. The second group includes host adapted serovars that are adsweittabne host but can
cause infection in other host. Host adapted serovars Dublin and Ckalsrder example, are
generally associated with severe systemic diseasetla eat pigs, respectively, but may also
infrequently cause disease in other mammalian hosts including humaina@m,
Abortusovis, and Typhisuis are, respectively, avian, ovine, and p@ain®nellaserovars,
these host-adapted serovars cannot grow on minimal medium withouhdemtors, contrary to
the ubiquitousSalmonellaserovars. The third group comprises of remaining serovars that are
ubiquitous includingS. Enteritidis,S. Typhimurium andS. Heidelberg, these are the common
serotypes recovered from humans (Bowytral., 2008). The important characteristic of these
serovars is that they can be harbored sub-clinically in livkestpoultry and persists in
environment for long period of time and are thus difficult to contrahbeence of a detailed
knowledge of the genetic requirement of these organism in thatybarticiche (Andrews-

Polymeniset al.,2009).

Kauffmann-White Scheme of classification was adopted by latiemal Association of
Microbiologist in 1934 where&salmonellaeare classified according to three major antigenic
determinants (Puet al., 2011). These determinants are composed of flagellar H antigens,
somatic O antigens, and virulence capsular K antigens. World Hea#nization Collaborating
Center (WHOCC) and Centers for Disease Control and Prevetio@)(use widely accepted
classification system based on phylogenetic tree derived fronparson of 16S rRNA gene
sequences. According to this system there are 23h3onellaserotypes which are placed

under two species based on the differences in 16S rRNA gene sequalyses&. enterica has
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2,443 serotypes whil8 bongorihas 20 serotypeSalmonella entericés further divided into six
subspecies designated by roman numerals nareatgrica(l), salamae(ll), arizonae (llla),
diarizonae (lllb), houtenae (IV), and indica (VI) (Janda and Abbott, 2006). Historically,
subspecies (V) was bongori, which is now recognized as a specie® dégs the subspecies

information is often omitted to bring uniformity in reporting (Bhunia, 2008;e®ai.,2011).

Salmonellaare widely distributed in nature as they survive well in a tyarigf
environments. Poultry, eggs and dairy products are the most common mtoalespbrtation of
salmonellosis. Fresh produce like fruits and vegetables have gainedrrcamse mode of
transmission in recent yeaiSalmonellacan enter into food chain at any stages from livestock
feed, through food manufacturing, processing, retailing, caten food preparation at home
(Lo Fo Wonget al.,2002; Bouchrifet al.,2009). Clinical manifestation of the disease in human
is characterized by enteric fever or typhoid causedSbyyphi and Paratyphi, while non-

typhoidal salmonellosis is caused ®yenteric especiall. Typhimurium ands. Enteritidis.

Salmonellaare able to survive under various niches ranging from diverseabhists,
fruits, vegetables to various livestock and food production environnmémgsability has made
the control ofSalmonellatransmission difficult (Reynoldst al.,2011).Genetic factors required
for survival in these niches have been studied traditionally with gemression and forward
genetic studies. The availability of complete genome sequemig®array technology and cost
effective sequencing technologies has enabled high-throughput fungenahics-based tools
to understand the genetic requirements Satmonellasurvival under various conditions. The
development and application of such novel functional genomics tools may pregeusly
unknown vulnerabilities that can be explored to develop novel intervention andSaleadnella
transmission chain (Andrews-Polymeaisal.,2009).
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5. Salmonella genome sequencing

Sequencing and annotation are the initial steps in understaBdingonellagenome.
The first complete annotate&dhlmonellagenome sequence was published in 2001Sfdryphi
CT18 (Parkhillet al., 2001) andS Typhimurium LT2 (McClellancet al., 2001). Since then the
rapid development and cost effectiveness of the sequencing tedeadi@g made sequencing
possible for more than 108almonellagenomes. These include 23 genomes representing 15
different subspecies | serovars, one subspecies llla an&.boagoriisolate (Reynoldet al.,
2011). The next generation technologies such as 454 pyrosequencinigiainthl(Holtet al.,
2008) are now being applied for extensive sequence comparison of nordalgaimonellae to
understand the genetic diversity within and between serovars. Comefaime sequences have
led to the development of open reading frame microarrays (Pdoeolil.,2002) and complete
tiling arrays (Charet al., 2003). Several classification methods, such as multilocus enzyme
electrophoresis (MLEE) (Boysdt al.,1996) and multilocus sequence typing (MLST) (Arrath
al., 2008) has been developed and are ustdteaterovar and genovar level. Genome-wide single
nucleotide polymorphism analysis has been developed and used for ggyngqOctavia and
Lan, 2007). Therefore, complete genome sequencing of Salmonellaeled inederstand the
organism better and develop novel tools to understand the complex bioltdggsefimportant

organisms of public health importance.

6. Functional genomics ofSalmonella

Complete genome sequences provide us the information of an organidirésgene
complement and an opportunity to explore the function of each gene. areersvo basic

approaches to functional genomicsSaflmonellaone is expression-based analyses and the other
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one is function-based analyses. Expression based analysisideteg®nes that are expressed in
a particular condition or environment and genes identified have potemwtiaks important for
growth and survival. Microarray Technology, In vivo expression technolG§ET),
recombinase-based IVET (RIVET) system has been used for gg@nesson studies under
particular conditions relevant to food safety (Fegeal.,2006; Ledeboeet al., 2006; Huanget

al., 2007) but has not been directly used to stBdlynonellagenes expressed on the food surface
or inside the foods. Expression analyses can identify genes eegprasder certain condition but
cannot define genes that are required for survival in that plariaiche. Therefore, a more
direct way of finding the required genes is the use of functioeebapproaches. The large scale
genomic studies provide us with a broad view of the bacterial genmin@so create a platform
to conduct focused studies by using classical technique like fyesretic screening (Reynolds
et al., 2011). The forward genetic screening examines the function ofealgedisrupting the
gene and studying the change in the phenotype. This dissertatise$ mainly on the function-
based approach using transposon mutagenesis in combination with NGS tot garmune-
wide identification of genes that are conditionally essential undeaino growth conditions

mimicking environmentSalmonellacells encounter inside a host and its surroundings.

7. Genetic tools forSalmonella mutant construction

7.1. Transposon for random mutagenesis

Transposons (Tn) are discrete transposable DNA segment thatloaate from one
genomic site to another. These DNA elements are ubiquitous antbé@aveeported in bacteria,
archaea, and Eukarya, including humans. Transposons in bacteriafrangample insertion

sequence (IS) elements that consist of a gene(s) for trangpdsttunded by inverted repeat
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sequences, to composite transposons composed of a pair of IS eldratbitsacket additional
genetic information for antibiotic resistance or other propertesnore complex conjugative
transposons that exhibit hybrid properties of transposons, plasmids @eddphages (Hayes,
2003). Transposon mutagenesis is a biological process that alloarsspdson to transfer to a
host chromosome leading to a mutatibmvitro transposon mutagenesis was first developed to
facilitate detailed biochemical studies of transposition mechan{€tubbet al,. 1996). The
findings revealed not only details of transposition but also maeansers realize its potential
as tool for genomic studies (Hayes, 2003). Since thentro transposition reaction has been
used to generate genome wide insertions in numerous bacteria ah@dG@gshinet al., 2000;

Hendrixsoret al., 2001; Antdoet al.,2009; Oh and Nislow, 2011; Yeungt al.,2011).

Transposons used for microbial genomics and proteomics are basell cmavaterized
elements from Gram-negative bacteria. The most favoredeioetig tools are those that can
insert randomly or can be manipulated to insert randomly. Transpose®sTm5, Tn7, Tnl0,
Tn5 52, and IS 911 are well characterized and extensively usegnetic tools. Tn5, a
composite transposon was further modified and used in our study. Tn5 transpose by cutand pas
mechanism in which the element is excised from its locationirssetted at a new location.
Various experimental approaches have been under taken to idesstEfigtial and nonessential
genes in an organism. Most of the transposon-based high-throughputmexjatiapproaches
involve generation of a mutant library either by a random or sygte method (input pool)
followed by selection of the mutant library under different conditimgput pool) and then
comparison of the original library with that after selection dentify the mutants that are
underrepresented or lost from the p@¢lvon et al.,2009). The mutants that are not recovered

from output pool are assumed to harbor insertion in genes thatsargialsfor survival under a
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specific condition; such genes are also termed as conditionagnted genes. All of the
transposon-based approaches make use of different transposon irstsiar the transposon

tagged with a unique marker as a means to identify unique insertions.

7.2.  Targeted mutagenesis: red recombinase system

The precise deletion of a gene is an important step towards tamting the function of that
particular gene. A targeted systematic inactivatioBaillus subtillis(Kobayashi etal., 2003)
and Saccharomyces cerevisig@Vinzeler et al., 1999) genes were carried out to estimate
minimal set of essential genes and for functional charaateniz of the genes, respectively.
Although both studies provide insights into the respective bactenminges, the method is
laborious and time consuming and is practical only for small gena@eé srganisms. There are
varieties of techniques to introduce site -specific chromosomadtiog that could be used to
delete a specific gene. The technique we adopted to study the fusictiengenes of interest in
this dissertation is the Red Recombinase system developed nka@nd Wanner (Datsenko
and Warner, 2000). Briefly the target gene was replaced witlctalle antibiotic resistance
gene sequence generated by PCR using primers with apprdyi@@i homology extensions.
This gene replacement was accomplished by Red-mediated rectarbiima the flanking
homologies. The Red system includes products Gam, Bet and Exo prod2eetssy, 5 and
exo respectively. Gam inhibits the host RecBCD exonuclease V thaldvotherwise compete
with the Red function (Murphy, 2007). Gene@andg initiate recombination event, exo protein
is 5’-3' dsDNA exonuclease that binds to the dsDNA ends and degtaelésstrand leaving
3'ssDNA tails. The Beta protein binds to ssDNA produced by exo andopesnannealing of
ssDNA stimulating the DNA recombination process (Murphy, 2011). Eurtbre Datsenko and

Wanner (2000) also created antibiotic resistant cassettes flanked bgdéldrition target (FRT)
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sites which could be used for subsequent removal of antibiotic cabgeBEP recombinase
produced from a conditionally replicating plasmid. Red recombinastersy developed iik.

coli has proven to be very efficient and been successfully used in lmdloggria including
Salmonella(Husseiny and Hansel, 200%lebsiella (Janes et al., 2001f,seudomonasgLesic

and Rahme, 2008) anWibrio (Yamamoto et al., 2009). We were able to use the Red

recombinase system to construct the deletion mutants with ease.

8. Transposon-based functional genomics approaches
The availability of numerous genomes sequences of Salmonellaenitiated the
comprehensive understanding $&imonellagenome and its biology (Reynol@$ al., 2011)
Transposon-based approaches are very powerful for identification of asaadtvirulence gene
in context of microbial genomics. This section presents an overfigarious transposon-based
functional genomics approaches that have been developed to ideritfy andin vivo survival

factors in various bacteria includigalmonella.

8.1. Signature Tagged Mutagenesis (STM)

STM is a negative selection strategy developed to identifulenice factors of
Salmonella entericaerovar Typhimurium in murine infection model (Heresteal., 1995). STM
employs the insertion of random sequence tags as a means rientidtie the individual mutants
within a complex input pool of transposon mutants and uses a comparddnaizagion strategy
to identify transposon mutants that are missing in output pool (Hehsel, 1995).The STM
variations have been used since its development for comprehensiveficaigmi and
characterization of genes in many microorganisshsa(et al., 2000; Mecsas, 2002; Shahet al.,
2005; Thuneet al.,2007; Oh and Nislow, 2011). STM allows parallel comparison of input and
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output pools but have limitation in the size of the pools that can hétamaously screened due
to the sensitivity of the membrane-based blotting system anddigdiion kinetics. STM is
proven to be an important resource that has aided in understanding thle, gnéetivity, and
virulence factors of many bacterial pathogens (Mecsas, 200®).n&s been extensively used to
identify Salmonella genes necessary for colonization of calisken and swine that are the
primary sources of contaminated meat and poultry products (Bisphaim2001; Morgaret al.,
2004; Shahet al., 2005; Carnellet al., 2007). STM combines the advantages of transposon
mutagenesis with the ability to screen reasonably large nuofilleutants using fewer animals
and is important when using livestock models that are cumbersome xaedswe. The
limitations of STM include relatively small size pool and thbolarequired to perform a

comprehensive screening.

8.2.  Microarray approaches

The availability of whole genome sequence provides a catalogadl gkenes of an
organism and this information has led to the construction of DNA oauiays. A DNA
microarray is a collection of microscopic DNA spots attached wolal surface. The core
principle behind microarrays is hybridization between two DNAnsisa A high number of
complementary base pairs in a nucleotide sequence mean tighteovalent bonding between
the two strands. After washing off of non-specific bonding sequermncdg,strongly paired
strands will remain hybridized. So fluorescently labeled tasgguences that bind to a probe
sequence generate a signal that depends on the strength obtitkzatjon determined by the
number of paired bases and the hybridization conditions. Microarrayslagee quantization in
which the intensity of a feature is compared to the intensityeofame feature under a different

condition, and the identity of the feature is known by its position. DiNé&oarray have been
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used to measure changes in genome wide gene expression in respa@rgals environmental
conditions (Sassett al., 2001) and has proven valuable in studying gene expression under
various conditions. But expression studies have significant limitatiordentifying genes that

are constitutively or the genes whose expression is modified llygmsriptional mechanisms.
These limitations can be overcome by using techniques that allofurtbigonal assessment on
whether the gene is essential for survival under certain conditiortetheiques best suited for
this kind of analysis is transposon mutagenesis where complexntmiiltearies can be
constructed readily and each mutation is marked by an insertionefiéa al., 2001). Therefore,
researchers have developed approaches where they have combinsastramsutagenesis and
microarray hybridization to identify genes important in varioeieive conditions. There are

three main approaches that are described below and summarized in Table 1.

8.2A. Transposon Site Hybridization (TraSH)

Sassettet al. (2001) combined microarray technology with the power and simphbdit
transposon insertion mutagenesis to develop a microarray-based methoddatransposon
site hybridization (TraSH) for identifying conditionally essahijenes genome wide. TraSH
utilizes transposon harboring outward-facing T7 RNA polymerase prosnalowing the
preparation of labeled RNA complementary to the transposon-flaiskiggences in a complex
pool of mutants. The labeled RNA probes prepared from a pool of mugeletsted under
different conditions for a microarray were used to determine ffexettial gene requirements
of Mycobacterium tuberculosis (Sassettial.,2001; Sassetti and Rubin 2008).2003, Sassetti
and Rubin successfully expanded the use of TraSH to genome-wideirsgrém virulence
genes in M. tuberculosis required for in vivo survival (Sassetti amnR2003). A variant of

TRaSH was used by Chan et al. (2005) to study 50,000 pooled S. Typhinttansposon
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mutants during intraperitoneal infection of BALB/c mice and macrgeheell culture. Since
then TraSH and its variants have been developed and tested on difigy@misms. Another
microarray based method was developed by Badarinarayana @O@l) for genome-wide
analysis of quantitative growth phenotypes using insertional mutagemes DNA microarrays.
The method was applied to assess the fitness contributioBscbirichia coligene domains
under specific growth conditions. Transposon-containing genomic DNA éwatgnfrom the
selected libraries were compared with the initial unsetettansposon insertion library on DNA
microarrays to identify insertions that affect fitness. Thaultefrom the study validated the
approach by identifying previously known conditionally essential genEscherichia colithat

are required for growth in minimal medium.

8.2B. Microarray Tracking of Transposon Mutants (MATT)

A method known as microarray tracking of transposon mutants (MA&3¢d on similar
methodology as TraSH but employing a different experimental qobtm retrieve signals
corresponding to numerous insertion sites was used to identify iakg@mes in Helicobacter
pylori (Salamaet al, 2004). In this method, labeled primers were used to performraedom
PCR directly on genomic DNA from pools of clones to obtain transpfianking sequences for
hybridization to microarrays unlike previous method that uses tratisariof size-selected
restriction digested genomic DNA to which T7 promoter has beatetig The data obtained
from this experiment represented the first comprehensive aallyshe full set of essential
genes irH. pylori (Salama et al., 2004). This experimental approach has been modifiademhd
to analyze genetic requirements of other bacterial speciesasthncisella tularensigWeiss

et al.,2007) andBacillus anthracigDayet al.,2007).
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8.2C. Transposon-Mediated Differential Hybridization (TMDH)

A new quantitative method termed transposon-mediated differentialidizgtion
(TMDH) was developed to study approximately 10,000 S. Typhimurium rartdamsposon
mutants in mice (Chaudhuwet al.,2009). They employed Tn5 and Mu transposon with outward
facing T7 and SP6 promoters. The use of high-density tiling miayallowed sub-genic
resolution of individual transposon insertion site by automated algoriffiso, tiling array
allowed probe coverage of entire genome thus removing the reliance otatadngenome
features (Chaudhuet al., 2009). Based on the result of TMDH, 47 genes were targeted for
deletion studies out of which three were found to provide protection agatiravenous and/or

oral challenge (Chaudhuet al.,2009).

The microarray-based methods are recognized as powerful tootsitkgorizing gene
function on a genomic scale that is applicable to a variety ofopmnganisms. The well-
characterized capability of a microarray in detecting tasgguences supports the accuracy of
the mapping of transposon insertions. However microarray based mathatheir drawbacks

such as limited resolution and difficulty in distinguishing positive signal from rnvegati

8.3 Next-generation sequencing (NGS)-based Approaches

The nucleotide sequencing technologies has facilitated the higigtiwut identification
of gene(Hall, 2007; MacLearet al., 2009). However, the development of broadly applicable
tools for directly testing the role of these genes has not beericakbep up with the recent
surge in microbial genome sequencing projects and many fundamenstibggsieconnecting
genome content to functions still remains unexplored (Goodrhah, 2009). Transposon is a

powerful tool that can help us connect gene to its function. The mpstriant property of
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transposon is its ability to insert randomly into new DNA sitas this makes it ideal source of
portable priming sites to determining nucleotide sequence of unknowonseg Primers
designed to bind to these priming sites can be used to geneettefaoserlapping sequences
and these sequences can be assembled into entire sequence of fragmeint|(Beiti.,2002).

The four NGS based approaches namely INSeq (Goodrnhah, 2009), Tn-seq (van
Opijnenet al.,2009), HITS (Gawronsket al.,2009) and TraDIS (Langridget al., 2009) came
into existence in the year 2009. A new NGS based approach calledntheq circle method”
was described by Gallagher et al. (2011) and was used to examilmetiantesistant trait in
Pseudomonas aeruginasaSimilarly Christen et al. (2011) used a Tn5 derivative transposon
(Tn5Pxyl) in combination with lllumina to identify all essentiabdang and non-coding
chromosomal elements fDaulobacter crescentusith high accuracy and resolutioAll of the
approaches make use of transposon mutagenesis in combination with NGS technology to connec
phenotype to the gene. Any digital sequence read of 10bp transposomhtagljacent genomic
sequences is considered with almost certainly as a precis®mpadits transposon insertion site
(Langridgeet al., 2009). Therefore, the combination of hyper-saturated transposon mutant pool
with high-throughput lllumina sequencing has provided unparallel degreesolution to a
transposon mutagenesis screening. These transposon and NSG combinedhegppaoac

described below and summarized in Table 2.

8.3A Insertion Sequencing (INSeq)

A broadly applicable Mariner transposon was integrated with secoraai®n
sequencing technology and mouse model to study the functional genomiusmaih gut

microbes (Goodmaet al., 2009). A negative selection scheme was adopted to identify genes
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required for colonizatiom vivo. In this method termed insertion sequencing (INSeq), a single
G-T transversion was introduced at a non-conserved position of the invepedt (IR)
sequences to create a recognition sequence for the Mmeltm@stenzyme. Mmel would
cleave 16 bp outside of the transposon, capturing a genomic fragntadetitdies the insertion
site. The short genomic DNA sequences of mutageriethetaiotamicroncaptured by this
Mmel digestion were used to uniquely map transposon locatidB. timetaiotamicronknown
genome sequencé&.he resulting transposon mutants were subjecteth taitro and in vivo
selective conditions to highlight mutants that change in relative abgedand thereby identify

genes and pathways critical for fitness under the selective conditions.

8.3B Transposon Sequencing (Tn-seq)

van Opijnen et al. (2009) introduced Mmel siteriagellanémini transposon to develop
a widely applicable high-throughput tool for gene disruption, called Tn-seq. Thisdnehabled
determination of eacBtreptococcus pneumonggne’s role under a specific condition of interest
employing massive parallel sequencing. First, a mutantryitwas constructed by transposing
mini-transposormmagellan6that contained Mme restriction site within each inverted rep@at
then the bacteriavere transformed with the transposed DNA resulting in a pool dehac
containing transposon insertions. The genomic DNA was isolated fpmrtian of the pool (t1)
and another portion was used to seed a culturm fatro selection. DNA was isolated from the
bacteria recovered after selection (t2). The DNA obtained froim tme points t1 and t2 were
digested with Mmelthen a PCR was performed to amplify 160bp sequence with 20bp of
bacterial-specific DNAflanked by lllumina specific sequences to enable sequencing. After
sequencing, samples were identified based on barcodes and 20bpveeadwmapped to the

genome, counted for insertion and fitness for each gene identifieel eetermined. The
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guantitative nature of massive parallel sequencing enabled gueatdatermination of fithess

of a gene knockout as a direct measure of the growth rate of the mutant.

8.3C High-throughput I nsertion Tracking by Deep Sequencing (HITYS)

HITS is a genome scale negative selection technology that combigksiensity
transposon mutagenesis and massive parallel sequencing to ident#gts lost from a library
after exposure to selective condition(€pwronski et al., 2009). This approach was applied for
identification of Haemophilus influenzagyenes responsible for delayed clearance in murine
pulmonary model. The first step is the transposon mutagenesis withamsposon derived from
the Himaril-maring transposon followed by shearing of the genomic DNA containing high
density transposon insertion. Fragments of DNA were enriched Wik &sing transposon-
specific and adapter-specific primers and resulting amplicams purified by affinity capture.
Then sequencing was performe massen the Illlumina next-generation sequencing platform.
After sequencing reads were mapped to the reference genodeatifyithe transposon insertion
sites. The relative abundance of the mutants within the libraoydahd after the selection was
determined by number of insertion sites detected per gene and moihdsguencing reads per
site. Insertions in genes that are essential for growth wivalim the selective conditions confer

attenuated growth or survival during mouse infection.

8.3D Transposon-Directed | nsertion-site Sequencing (TrabDI S)

TraDIS is another high through-put approach introduced to investigatedantial genes
of S. Typhi under laboratory and biologically relevant conditions (Langrielgal., 2009).
Transposon Tn5 was used to geneafByphi transposon mutant library containing an estimated

1.1 million individual mutants. The portion of mutants from the input libraag passaged
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through selective conditions. Genomic DNA was extracted aftects@h and fragmented to an
average size of 300bp. lllumina paired end adapters were ligated ® dgbasmic DNA
fragments producing mixture of fragments some of which contaitiveg desired end of
transposon and the adjoining bacterial genomic sequence. Transposdioninsges were
amplified with PCR using transposon-specific and lllumina-spe@fimers. The amplified
DNA fragment libraries were sequenced using lllumina and mamp&dTyphi genome. The
number and frequency of insertions mapping to each nucleotide & fthghi genome were
determined for each selective condition and genes were identiffex}, Were able to map
370,000 unique transposon insertion sites to S. Typhi genome, an insertionl8bpryon
average. With this high density and resolution they were able totameolisly assay every gene
in the genome for essentiality and generated genome-wide ksindftionally essential genes.
They determined 356 genes essential for growth under standard lap@@tditions, out of
which 256 genes were previously were found to be essential in BBablaet al.,2006). They
demonstrated that every gene in the genome could be assayedrsoustyg to identify niche-
specific essential genelSckert et al. applied TraDIS retrospectively to assignggmtype and
fitness score of enterohemorrhagic Escherichia coli O157:H7EEHmMutants previously
screened in calves using STM. Using TraDIS they were abieptoduce the fitness defects of
the mutants detected by STM with substantial time and cost saVirad3lS was recognized as a
significant advancement towards the principles of reduction, re@né and replacement of

animals in research (Ecketal.,2011).

8.3E Tn-seq Circle

The Tn-seq circle method is a deep-sequencing procedureatiding large number of

Pseudomonas aeruginosansposon mutants (Gallaghedral.,2011). It employs a new Tn-seq
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method to generate and amplify single-strand circles cgryemsposon junction sequences.
Briefly, a transposon mutant library was constructed by Tn5-baaedpibsonISlacZhah-tg
mutagenesis. The DNA from the mutant pool was sheared, end repadeadl free ends were
ligated to one lllumina adaptor. After the ligation products are tidewith BamHI for size
selection, the resulting single stranded fragments containingptrsms ends were circularized
by template ligation. This was followed by exonuclease stepirtanaltte all non-circularized
DNA fragments. The transposon-genome junctions were PCR ampirbed circularized
fragments and second lllumina adaptor was introduced in this stepPGReproducts were
sequenced on an lllumina flow cell and each sequence read wasndpped to theP.
aeruginosagenome. Using this method they were able to identify the gengsnseBle for an
intrinsic antibiotic resistance trait iP. aeruginosaand validate their Tn-seq method by

comparing results with the previous study (Gallaghex.,2011).
8.3F An additional NSG-based strategy

Christen et al. employed Tn5 derived transposon Tn5Pxyl carrying outward facing Pxyl
promoter at one end. Depending on the insertion orientation these elmmeapable of
activating or disrupting transcription at any site of integratHyper saturate@in5Pxylinsertion
library containing an estimated 8 x°Xfansposon mutants was constructed. DNA fragments that
covered transposon junctions from each mutant pool were simultanemoglified by a semi-
arbitrary 2 step PCR strategy. In a first-round of PCRaasposon specific primer pointing
outwards of thern5Pxylelement was used in combination with three different semi-arpitr
primers. The PCR products obtained from first PCR were usesghgdates for second nested
PCR step using the lllumina paired-end primer and adapter segpemer. Second-round PCR

products were pooled and DNA fragment of 140 bp-700 bp were size dedaxtepurified by
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agarose gel electrophoresis prior to lllumina sequencing. Ttheseing reads were mapped to
4Mbp C. crescentuggenome. Using this strategy they were able to deterd@inerescentus
essential genome at 8bp resolution that included 480 ORF, 402 regulatoenceEyul30 non-
coding sequences and 90 intergenic sequences of unknown function. Gétrigte@011 were
able to establish this high resolution strategyGorcrescentusind suggest that this strategy is
scalable and applicable to high through-put whole genome essengasiyeines in broad class
of bacterial species.

Thus, all of the methods mentioned above reiterate the fact thabhigination of large
transposon mutant library and sequencing based strategies ideptdmse genomic location,
enables digital count of individual insertions and provides an alterrnatsgecies-specific DNA
microarrays required for hybridization-based mutant profiling. fidlewing chapters of this
dissertation focuses on the development of new version of aforementiorsst) Thethod using
modified EZ:Tn5 transposon and its application for genome wide idextittiic of conditionally
essential genes &almonellaunder various selective condition mimicking the environments the
bacteria thrive inside the host (Chapter Il). In additionSabnonellais a major food borne
pathogen, the Tn-seq method was also used from food safety prosptctiveentify

conditionally essential genes at food storage temperatures.
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Tables

Table 1. Summary of functional genomics techniqgues based on Microarray and

Transposon Mutagenesis

Table 2. Summary of various functional genomics techniques based on Transposon

mutagenesis and next-generation sequencing (lllumina).

Figure Legends

Figure 1. 454 Workflow: library construction ligates 454-specific adapters DA
fragments and couples amplification beads with DNA in an emulBiOR to
amplify fragments before sequencing. The beads are loaded intettigepiplate
(PTP). The bottom panel illustrates the pyrosequencing redattanoccurs on
nucleotide incorporation to report sequencing by synth@dardis, E.R., 2008a.
Trends Genet24: 133-141. Figure reproduced with permission. License

no.2839470406186)

Figure 2. lllumina workflow. Starting from similar fragmentation and adaptgtion steps,
the library is added to a flow cell for bridge amplificati@m isothermal process
that amplifies each fragment into a cluster). The cluségnients are denatured,

annealed with a sequencing primer and subjected to sequencisgnthesis
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using 3 blocked labeled nucleotidgdlardis, E.R., 2008&rends Gene24: 133-

141. Figure reproduced with permission, License no.2839470406186.)

Figure 3. SOLID work flow: (a) The ligase-mediated sequencing approach of the Applied
Biosystems SOLID sequencer. DNA fragments for SOLID setjugnare
amplified on the surfaces of |im magnetic beads to provide sufficient signal
during the sequencing reactions, and are then deposited onto aefloslide.
Ligase-mediated sequencing begins by annealing a primer thvdahedsadapter
sequences on each amplified fragment, and then DNA ligase isipdogiong
with specific fluorescent-labeled 8mers, whose 4th and 5th baseacoéed by
the attached fluorescent group. Each ligation step is followed byeficence
detection, after which a regeneration step removes bases frolgatesl 8mer
(including the fluorescent group) and concomitantly prepares thedederimer
for another round of ligationb) Principles of two-base encoding. Because each
fluorescent group on a ligated 8mer identifies a two-base conunpatne
resulting sequence reads can be screened for base-callorg eersus true
polymorphisms versus single base deletions by aligning the individads to a
known high-quality reference sequence. (Mardis, E.R., 20D&ads Gene4:
133-141Figure reproduced with permission License n0.2839470406186.) (Mardis,

E.R. 2008b, Annu. Rev. Genomics Hum. Gef&87-402.)
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Table 1.Summary of functional genomics techniques based on Microarray and Transposgeésis

Name Features Advantage Disadvantage
Genes lacking TA dinucleotid
TraSH Himaril based Mariner transposon General application cannot be
Sassettet
al., 2001 Outward facing T7 promoter promotes in vitro Detected
transcription, Identification of conditionally
essential genes iNycobacteria
MATT Tn7 Transposon, General application False positive
Salamaet
al., 2004 Essential genes analysideflicobacter pylori
Maps the genomic locus of transposition
insertion for pools of clones, amplifies
transposon-flanking sequences by semi-
random PCR directly on genomic DNA
from pools of clones.
Cannot identify insertion
TMDH Tn5 and Mu transposon, outward facing T7 General application within restriction
Chaudhuri
et al.,2009 | and SP6 promoters for in vitro transcription, High-density tiling micayar Fragment
Comprehensive identification 8&Typhimurium Allows high resolution, probe False positive
genes required for infection in mice. coverage of the entire genome
identifies attenuated mutants in vitro and in vivg Allows deternanaif genomic
identified targets for vaccine development position of the transpos
insertions by automated algorithm




Table 2.Summary of various functional genomics techniques based on Transposon mutagenesis

and next-generation sequencing (lllumina).

Name Specific features Advantages Disadvantages|
In-seq Mariner transposon, Identical lengths of sequeags, Limited to
(Goodman Mariner
et al.,, 2009)| Mmel on both Inverted repeats, Ropriocol Transposon
Tn-seq 16bp junction sequence
(vanOpjnen
etal., 2009)| Tn-se@treptococcus pneumoniae

In-seq: Bacteriodes thetaiotamicron
HITS mini Himari-1, General application Shearing of g®N
(Gawronski
etal., 2009)| Fragmentation, size fractionation of Recover specific fragments by
genomic DNA, PCR with Biotinylated streptavidineated magnetic beads
transposon primer, prolonged survival
of Haemophilus influnzaim lungs
TraDIS Tn5, Transposon specific primer Uses transposeaifsp primer for Shearing of gDNA
(Langridge
et al.,, 2009)| for lllumina sequencing, simultaneous lllumina sequencing Expensive
assay of evergalmonellaTyphi gene
Tn-seq
Circle Tn5 based, General application Shearing,
(Gallagher Biased
etal., 2011)| circularization of DNA Robust protbco circularization
due to varying
Resistance function Bseudomonas DNA
aeruginosa. fragment size
Christen et Method to be
al., 2011 Tn5 derivative transposon (Tn5Pxyl), Robust protpgeneral application| tested in
large size bacteria
carries an inducible outward pointing genome
Pxyl promoter at one end, pair end adapte
Essential genome @faulobacter crescentus
Tn-seq Short 12bp
(this study) | Tn5, BsmFl in one of the ME regions, Simple and/i@dul junction
Barcoding strategy for simultaneous Uniform acgoti size sequence

sequencing of multiple sampl&almonella

Typhimurium conditionally essential genes
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Figure 3.
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CHAPTER II

GENOME SCANNING FOR CONDITIONALLY ESSENTIAL GENES IN
SALMONELLA
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ABSTRACT

As more whole genome sequences become available, there is asingctEamand for high-
throughput methods that link genes to phenotypes, facilitating discof/@ew gene functions.
In this study, we describe a new version of Tn-seq method involvingpdified EZ:Tn5
transposon for genome-wide and quantitative mapping of all insertionscamplex mutant
library utilizing massively parallel lllumina sequencing. This-seq method was applied to a
genome-saturating. Typhimurium mutant library recovered from selection under 3 different
vitro growth conditions (diluted LB medium, LB medium + bile acid, and LElioma at 42°C),
mimicking some aspects of host stressors. We identified an ovexdappt of 105 protein-
coding genes irS. Typhimurium that are conditionally essential in at least onth@fabove
selective conditions. Competition assays using 4 deletion mutpgt®, (ginL, recD and
STM14 5307) confirmed the phenotypes predicted by Tn-seq data, validatintglitiieof this
approach in discovering new gene functions. With continuously increasijugrscing capacity
of next generation sequencing technologies, this robust Tn-sdwpadneidll aid in revealing
unexplored genetic determinants and the underlying mechanisms ofsviaiebegical processes
in Salmonellaand the other approximately 70 bacterial species for whicAhfeZmutagenesis

has been established.

Key words: Tn-seq, functional genomics, conditionally essential gedasnonella
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INTRODUCTION

In recent years an increasing number of complete genome segjugrmroming available
for numerous bacterial species, mainly due to rapidly developindy 88duencing technologies
(MacLeanet al.,2009). This situation has raised pressing needs for understanding¢ktierfal
significance of the numerous genes identified or predicted in thesgplete genomes.
Bioinformatics analyses of the complete genomes have broughticGaghiinsights into our
understanding of the biological implications of the genomic contentsn@det al., 2010).
However, these approaches would provide little help in assigningdnadb the genes with no
homology to any known genes or predicting the genes responsiliteefphenotypes that have
never been explored yet. In this view, experimental approaches to gdnadyfunctions are
essential tools in understanding the genome biology of bacteria.uRalic high-throughput
approaches to study gene functions in a genome-wide scale aralgspécactive in this post-
genomic era with overwhelming amounts of bacterial genomes to berekpeach containing

thousands of genes.

Several high-throughput methods to study gene functions in bacteriadbbamedeveloped
using transposon mutagenesis based on the same framework of neghdot®n, yet using
different strategies to compare mutant pools before and afeatiosn (Bossét al.,2006). More
recently, the extension of these strategies have undergonetidramprovement in their
capacity to determine gene functions in terms of the accsraniegenome mapping of
transposon insertion sites and quantitative measurement of eaclom&grtemploying next
generation sequencing (Gawronski et al., 2009; Goodehah, 2009; Langridgeet al., 2009;
van Opijneret al.,2009; Christeret al.,2011; Eckeret al.,2011; Gallagheet al.,2011). These

methods use different procedures to capture transposon-junction seqaledcEjuence them
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by massively parallel Illlumina sequencing to accomplish an pthdprofiling of transposon-
junction sequences in a complex mutant library. Although distinct néwanes been used, all
these methods can be appropriately referred to as differentiotagiatn Tn-seq method (van

Opijnenet al.,2009; Gallagheet al.,2011).

Here, we describe a new version of Tn-seq conveniently tailoredZfonk transposon
system, which has been broadly tested and used in more than 7@abactrarchaeal species
(http://www.epibio.com/transcite.asp). We applied this Tn-seq methodniduct genome-wide
identification of S. enterica serotype Typhimurium §. Typhimurium) genes that are
conditionally essential for growth or survival under the 3 selectedtro growth conditions.
These conditions include low-nutrient condition, bile-rich environment, and teoagyerature of
avian species (42°C), mimicking some aspects of the conditions in th8diownellacells are
expected to encounter during infection. As a common human bacterial gatS8aggnonellahas
to survive when it goes through a variety of stress conditions iertieonments and the host
during infection (Foster and Spector, 1995; Slaetcal., 1997; Duranet al.,1999; Rychlik and
Barrow, 2005). Although a wealth of information on the genetic detams and the
underlying mechanisms of stress resistance have been obtaiSathwnellathere is no doubt
that many gaps still exist in our knowledge and understanding in this areas €bspecially true,
in view of the most comprehensive phenomic profiling performedtsoherichia coliK12

recently (Nicholst al.,2011).

This study demonstrated the utility and efficiency of this Tap-seethod for the
comprehensive identification of conditionally essential gen&aimonella The genes identified
here could be an important resource for better understanding or carff@imonellaincluding

development of novel antimicrobials and vaccines.
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MATERIALS AND METHODS

Bacterial strains and culture conditions

S. Typhimurium 14028 wild type strain, isogenic deletion mutants stramtsa spontaneous
mutant resistant to Nalidixic Acid (NA) were grown in LuBgrtani (LB) medium or LB agar
plates and stored at -80°C in 30% glycerol. The cultures were indudita®@ °C unless described
otherwise. Where appropriate, the LB agar plates contained NA /8§ kanamycin (Km;

50ug/ml).

Construction of transposon mutant library

QuikChange Site-directed mutagenesis kit (Agilent Technologie¥olla, CA) was used to
change one nucleotide of pMOHh6 <KAN-2/ MCS> plasmid (Epicentre BioTechnologies,
Madison, WI) in one of the mosaic end (ME) sequences using trenobttpotides in Table S1.
This introduced the recognition sequence of TypellS enzyme Bsmbhe ME sequence
(Figure 1A). The nucleotide change (AAIG/C) was confirmed by DNA sequencing, and the
modified plasmid, pMOD-BsmFI, was used for transposon mutagenesss Dfphimurium
ATCC 14028 wild type strain. Briefly, pMOD-BsmFI was digestechvittvu Il enzyme and the
1,116bp fragment of the modified EZ:TH5(EZ:Tn5-BsmFI) was extracted from agarose gel
using QIAquick Gel Extraction Kit (Qiagen, Valencia, CA) avoidinga@sure of the fragment to
UV light. The EZ:Tn5-BsmFl was then incubated with EZ-Th5Transposase (Epicentre
BioTechnologies) to form a transposon complex according to theetistt manual. Two ul of
the complex was subsequently used to transform electrocom@efeyphimurium 14028 wild

type cells by electroporation. Km-resistant transformantsewselected on LB plates
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supplemented with Km. The resulting mutants were combined to foromaplex library of
EZ:Tn5-BsmF| mutants containing approximately 1.6 % itants. The library was stored at -

80°C in 30% glycerol.

I'n vitro selection of transposon mutant library

The mutant library was subjected to selection under 4 diffarenitro conditions: LB
medium, 10X diluted LB medium (dLB), LB medium supplemented with 5% coxdéile
extract (Sigma; LB-bile), and LB medium incubated at 42°C (LB-32°Id prepare the
inoculum, 1 ml of the library in glycerol stock was diluted by addngl of LB medium and
incubated at 37°C for 1 hr with vigorous shaking (rpm=225). After washinign@s with
Phosphate Buffered Saline (PBS) solution, the library was resuspend@&dml LB medium,
and diluted with LB medium to reach @jg= 0.9. An aliquot (2 ml) of the inoculum was used as
the input pool. One ml of the inoculum (~7.3%XOFU/ml) of the mutant library was used to
inoculate each selection medium (100 ml in 200 ml Erlenmeyek) flasd incubated at the
relevant temperature with vigorous shaking (rpm = 225). Aftehr24 1 ml of the culture was
transferred to the fresh selection medium of the same kind. Thigise was repeated 3 times
to increase the selection sensitivity of the screening. Aftewnsecutive selections, 2 ml of the
final culture in each selection was collected to be used asutpat pools. The cell pellets from
one input and 4 output pools were used to isolate genomic DNA usingriiNiAit (Qiagen,
CA). The quantity and purity of the purified genomic DNA was meabswsing NanoDrop

(Thermo Fisher Scientific, Wilmington, DE).
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Sample preparation and | [lumina sequencing

Extracted genomic DNA was digested with BsmFI restrictionyerz (New England
BioLabs, Ipswich, MA) at 65°C for 3 hrs. After heat inactivation at 80°C for 20 min, thetddye
DNA was treated with calf intestinal alkaline phosphatase (NEB7°C for 1hr to prevent self-
ligation in the following ligation step by incubation for additional 1 DNA was then phenol-
chloroform extracted, ethanol precipitated and dissolved in 10 (. BNA digests were
subsequently ligated to Tn-seq linker, formed by annealing Tn-sgkgrlil and 2
oligonucleotides (Table S1), by overnight incubation at room temperalie Tn-seq linker-
ligated samples were subsequently used as templates irrdaCton using cloned Pfu DNA
polymerase (Agilent Technologies) with one of the 5 barcoded TnZegwiand Tn-seq linker
primer (Table S1). The PCR cycles consisted of initial dentatarat 94C for 2 min, 5 cycles
of 94°C for 30 sec, 5% for 1 min, and 7ZC for 30 sec, 20 cycles of 94 for 30 sec, 62 for 1
min, and 72C for 30 sec followed by final extension at’@2for 10 min. The amplicon of 129
bp long was PAGE-purified and dissolved igCH(Figure S1). The 5 DNA samples tagged with
different barcodes were mixed with the same amount based on nmeastgavith a NanoDrop
apparatus (Thermo Fisher Scientific). The final mixed sampls analyzed using Affimetrix
BioAnalyzer to check the quality and sequenced using lllumina Gensmalyzer Il in the

Institute for Integrative Genome Biology at the University of Catii@iat Riverside.

Analysis of | llumina sequencing data
A computer program was written in Python programming langt@agerform the following
analysis (The Python script is available upon request). Firsgettpgence reads obtained from

lllumina sequencing was sorted for the reads that contain acp&#fdp modified ME sequence

49



(5-CTGTCCCTTATACACATCT-3"). Next, the filtered sequencesn sorted according to the
6 nt barcode sequences demanding a perfect match to one of the 5 daftedeansposon-
junction sequences were subsequently extracted from the filteestd r@nd the junction
sequences of 11-13 bp long were selected for further analysise HBeéscted transposon-
junction sequences were then mapped to the complete gen@n&yphimurium 14028 (Jarvik
et al., 2010) (Accession Number: Chromosome CP001363.1, Plasmid CP001362.1) tdeelect t
reads that perfectly map to the genome. Additional filteriag werformed to select the reads
that map to the genome only in one locus. The final output data obtairteé Bython script
contained the information on the transposon-junction sequence,origim@wme vs. plasmid),
genomic coordinate corresponding to EZ:Tn5-BsmFl insertion siteeiprodbding gene
containing the insertion within the internal 5 to 80% of the codingmegtrand (+ vs. — strand),
and the number of the reads in each pool for 5 mutant pools (1 input pool and 4 output pools).
The above output data were processed separately from this stdpdorosome and plasmid
data using JMP8 software (SAS, Cary, NC). For additionatifije insertions with read counts
in the input pool <10 were eliminated to remove nonspecific backgrounds. reéor
normalization, a normalization factor was calculated accorditigetéormula (Ri/Ro)/(Si/So), in
which the variables represent the total number of sequence rep@mdRnsertion sites (S)
detected in the input (i) and output (0) pools, for each output pool (Gawetralki2009). The
number of sequence reads for each insertion in each output pool was ieaulbgl the
corresponding normalization factor. After normalization, the insertiona gene with < 3
insertion sites within the internal 5 to 80% of the coding region wer®ved. The numbers of
all normalized sequence reads within each gene were subsequentipedror each pool to

obtain the total number of normalized sequence reads originatect&amgene. Following this,
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the fitness index value was calculated for each gene by dividengptal number of sequence

reads in the output pool by those in the input pool.

Construction of deletion mutants

Single deletion mutants &. Typhimurium 14028 carrying a deletion pyrD, ginL, recD,
and STM14 5307 were constructed with a Lambda Red recombination systiéma inethod
described by Cox et al. (Coat al., 2007) using pKD13 (Datsenko and Wanner, 2000) as a
template for amplification of Kfhcassette and the olgonucleotides shown in Table S1. After
confirmation by DNA sequencing, the deletions were transferredhéo fresh wild type
background by P22 transduction followed by selection on LB agar plates supplemehtkchwit
The final Knf strains were purified on EBU plates to obtain phage-free coldoiefurther

analysis.

Competition assays

Each deletion mutantApyrD, AgInL, ArecD, and ASTM14_5307) was competed against
NAR wild type strain in the control (LB, 37°C) or appropriate test casmt (dLB, 37°C for
ApyrD, AginL; LB-42°C for ArecD, ASTM14_5307). Briefly, 100 pl of the inoculum consisting
of equal volumes of the overnight cultures of wild type and a mutanusess to inoculate 100
ml of LB medium (control) or appropriate test medium in 200 ml Ertrenflask. The culture
was incubated at the indicated temperature with vigorous shaking (rpm = 225p4Afes, 1 ml
of the culture was transferred to the fresh medium and 0.1 théafulture was used for dilution
and plating on LB agar plates (NA) and LB agar plates (Km¥étective counting of wild type

and mutant strain, respectively. The LB agar plates were iredileaternight at 37°C and the
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colonies were enumerated. This selection and counting procedureepeeted every 24 hours

for up to approximately 4 to 8 days for different mutants.

RESULTS
Overview of the method

EZ:Tn5™ is a Tn5 derivative with modified inverted repeat (IR) sequemde9 bp
(AGATGTGTATAAGAGACAG), which was termed mosaic ends (ME). We observed that this
ME region contains DNA sequence (underlined in the above ME sequsnaégr to the
recognition sequence of Type IS restriction enzyme BsmBPIGGGAC(N)ol-3/3'-
CCCTG(N)41-5) except one nucleotide (Figure 1A). Since BsmFI cuts theldibbp away from
the recognition site, this enzyme site can be exploited taaxi2 nt sequences immediately
adjacent to Tn5 insertion sites. If these 12 bp transposon-junction sesjgenteebe selectively
amplified from a mutant library and sequencad massin a massively parallel manner, the
resulting profile would provide the information on both identity and ikeaquantity of each
insertion in the library. Therefore, we tested if the EZth8ould be still functional even after
the substitution of one nucleotide -(AG) in one ME region. We found that the efficiency of
mutagenesis with the modified EZ: T8 (EZ:Tn5-BsmFl) as measured by the number of
resulting Kn¥ colonies was very similar to that of original EZ:TM5In repeated transformation
experiments, we routinely obtained approximately 1 to 3 % riOtants ofS. Typhimurium
14028 per electroporation.

This would provide an excellent opportunity to use this EZ:Tn5-BsmBl@swverful tool for
deep profiling of complex insertion mutant library via lllumingwencing as shown in Figure

1B. A genome-saturating library of Tn5 mutants is subjected tteatiom condition of interest
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and the mutant pools before and after the selection can be compadedtify all insertions
exhibiting any significant changes in relative abundance séfection. This analysis will allow
identification of bacterial genes important in various biologicalcesses of interest on a
genome-wide scale. However, the length of the transposon-junctioenseguextracted by this
method will be 12 bp, which may not be long enough for unambiguous idantifi of the
genomic locations from which the insertions were originated. Toeaddthis issue, we
performed a computer simulation using a custom Python script tacext00,000 short
sequences of different length (10-20 bp) from random locations in batidstof the complete
genome ofS. Typhimurium 14028 strain. The short sequences were subsequently mapked ba
to the genome to determine the portion of the sequences that pariattly to the genome only
in one location (Figure S2). The result shows that approximatelyafa¥e 12 bp-transposon
junction sequences mapped uniquely to the genome, suggesting that on aneragdf of the
transposon-junction sequences experimentally extracted from a mlideaty should be
discarded because they cannot be mapped unambiguously to one genami¢itmeever, we
expected that this shortcoming can be overcome by increasinge¢hef she mutant library and

the huge number of sequence reads that can be obtained from lllumina sequencing.

Selection of the mutant library

To test the feasibility and utility of this method, we used thethod for genome-wide
identification of S. Typhimurium genes conditionally essential for fithess under 3reiften
vitro conditions. Three selective conditions in this study were choseninbdc low-nutrient
condition in infected host tissues (10X diluted LB medium; dLB), bde-rintestinal

environment (LB medium + bile acid; LB-bile), and the elevated kedyperature associated
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with chicken and other avian species (LB medium at 42°C; LB-42°C). EZufn5-BsmFl
mutant library consists of approximately 1.6 ¥ Hifferent mutants, and the inoculum of 1 ml
contained approximately 7.3 x 1€ells, indicating each mutant in the library was represented by
approximately 4,600 cells. Mutants were transferred 3 times isame selective conditions to
increase the selection sensitivity. In each transfer duringdleet®n, the inoculum of 1 ml
contained approximately @010 cells depending on the selective conditions, indicating each
mutant is well represented by sufficient number of cells innbeulum. The final output pool of

2 ml also contained enough cells to represent all surviving mutéaritee &nd of the final
selection. We also included LB medium incubated at 37°C as a coatrdition to identify the
genes that are essential for fitness under an optimal growth icon@tnce we are interested in
the genes uniquely essential under the 3 selective conditions okintbee genes identified in

control condition were removed from those identified in each of 3 selective conditions.

Analysis of | llumina sequencing data

The summary of the lllumina sequencing data and its ana$ysisown in Table S2. Among
the total of 23,141,540 sequence reads obtained from a single flowcellrG#e(17,490,113
reads) contained the complete 19 bp ME sequence. Among these reads, 15,8985 68120)
contained the complete 6 bp barcode sequences perfectly matchiofyjtbaé barcodes. When
these reads were sorted according to the barcode, we obtaiedatizely even distribution
across different barcodes: 2,374,190 read (ATCACG; Input), 2,859,671 (CGALB)I
2,652,543 (TTAGGC; dLB), 4,382,503 (TGACCA; LB-bile), and 3,624,861 (ACAGTG,; LB-
42°C). The transposon-junction sequences were subsequently extractatidrorads for each

barcode. As expected the majority (>99%) of the sequence reaglapmoximately 11 tol3 bp
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long (Table S2; Figure S3). These 11 tol3 bp sequence reads for ecmtiebaas further
filtered for those that map to the genome at only one genomic Howally, we obtained
1,204,021, 1,312,302, 1,367,315, 2,249,816 and 1,554,249 reads for each barcode, which
corresponds to approximately 49% of the total number of the transpasdion sequences of

11 to 13bp for each barcode.

The normalization factors for the output pools were 0.94 (LB), 0.89 (dLBY, (LB-bile),
and 0.80 (LB-42°C) for chromosome and 0.55 (LB), 0.61 (dLB), 0.23 (LB-bile)patal(LB-
42°C) for plasmid. When the reads for all insertions in each geneceerkined, we obtained
the data set for 3,806 and 90 protein-coding genes for chromosome andl ptaspectively. To
obtain a more robust and reliable result, the genes that contaisethd@s3 insertions were
removed, resulting in a total of 1,879 and 52 coding genes for chromosomgaanud,
respectively. For all of the genes included in the final datasel, gane contained 8.8 and 9.1
authentic insertion sites on an average on the chromosome and plaspeattively. We also
determined the reproducibility of Tn-seq profiling using two biologieplicates. When the data
was processed separately for chromosome and plasmid, we obtairyediglerlevels of
reproducibility for both chromosome {R 0.99) and plasmid (#R0.99) (Figure S4). As the
level of genome saturation by insertions in this final dataastnet sufficiently high, we did not
investigatein vitro essential genes (Hutchisen al., 1999; Glasst al., 2006) but focused on

conditionally essential genes in this study.

| dentification of conditionally essential genes
Among the 1,931 (1,879 + 52) genes, the genes conditionally essential fiosedactive

condition were first selected by a cut-off fithess inde»0.2, which indicates at least a 5-fold
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reduction in relative abundance during selection. The genes selegtélois criterion are
expected to exhibit strong fithess defect under each condition. Waenutant were selected in
LB medium, which was used as a reference condition for optiroaltlyr a total of 32 genes
were identified as required for optimalvitro fitness. These genes should be distinguished from
essential genes because the mutants with insertions in theasgamts cannot be recovered by
definition of the essential genes. However, the insertion mutantbese 32 genes were
recovered and were well represented in the input pool. Therefore, geess should be
considered dispensable for growth or survival, yet contribute to optiatiy at 37°C in LB
medium.

The result in Figure 2 gives a clear overview of the genome-wide fipmeBke of Salmonella
mutants. We obtained 39, 61, and 56 genes required for fitness in dLBle, Bl LB-42°C,
respectively (Figure 3A). There were many genes esséntiiiness in more than one condition
and many genes were also shown to be essential for generas fitndsr optimal growth
condition (LB at 37°C; numbers shown in parenthesis in Figure 3A). Ih tb®® genes
conditionally essential under either one of the selective condivens identified (Figure 3A,
see Table S3 for the list of the genes). All of the 105 genesifidd were chromosomal genes
and none of them were located on plasmid.

To obtain insights on functional trends associated with each conditeassigned the
identified genes to functional (COG; Clusters of Orthologous Grargisjories (Tatusost al.,
1997) using BLAST on Orthologous groups (BLASTO) algorithm (Zhou and Laviakve
2007) (Figure 3B). Not surprisingly, thén vitro essential genes (LB medium) were most
prominently enriched in COG categories K (Transcription), Mi(@all/ membrane/ envelope

biogenesis), and C (Energy production and conversion). The genes edselitiaéss in dLB
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exhibited a similar trend except that category K was not legdlievhile category M was further
enriched to represent 25% of all genes identified. In LB-bilegdmes required for fithess were
significantly biased toward cell wall/ membrane/ envelope biegjsn(category M). This result
corroborates well with previous findings that LPS biosysthesis andbna@e integrity are
critical in bile resistance @almonellaProutyet al.,2002; Langridget al.,2009).

There are 48 (61 minus 13) genes identified as conditionally edstnt fithess in the
presence of bile salts. Bile resistance has been studied m-deptextensive mutant screenings
have revealed a comprehensive list of genes required for bigtarece irS. Typhimurium (van
Velkinburgh and Gunn, 1999; Prougy al., 2002; Lopez-Garridoet al., 2010),S. Typhi (van
Velkinburgh and Gunn, 1999; Langridgs al., 2009;) andEscherichiacoli (Nichols et al.,
2011). Notably, 38 out of the 48 genes identified in this study wewsopsdy implicated in bile
resistance inSalmonella species orE. coli. This result validates our experimental and
bioinformatics approaches to identify conditionally essential gefles.remaining 10 genes
newly identified in this study may reflect the differenceghe sensitivity of the screening and

selection conditions between the experiments.

Phenotypic characterization of deletion mutants

To further verify the result of the Tn-seq screening, we sought to charadtex functions of
additional genes that were identified in this study, which have mot peeviously linked to the
phenotypes. We chose the two gemesgD and ginL encoding dihydroorotate dehydrogenase
and nitrogen regulation protein, respectively, among the 39 genesiedeint dLB medium. The
deletion mutants were analyzed for growth patterns in LB megwomtrol condition) and dLB

medium. Unexpectedly, threepyrD mutant demonstrated a slight growth defect in both LB and
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dLB media compared to the wild type (Figure S5). ConverggliL exhibited a slight growth
defect only in LB medium (Figure S5). The reason why the grgpitenotypes did not
accurately reflect those predicted from Tn-seq data could béodine difference in the assay
conditions. Initially the negative selection of mutants was padrthrough competition within
the complex mutant library. Therefore, in order to more closelyiering conditions in which
the mutants were selected, we characterized the 2 mutantscaesimgtition assays in which
each mutant was competed against the wild type strain. AstegpdmthApyrD and AginL
mutants exhibited a severe competitive disadvantage in dLB me8ummot in LB medium
(Figure 4A and 4B, respectively).

Additionally, two genesecD and STM14 5307 encoding exonuclease V subunit and putative
transcriptional regulator, respectively, were chosen from thesgeentified in LB-42°C and the
deletion mutants were subjected to competition assays.Af&éeD mutant showed slight
competitive disadvantage at 37°C, but more obvious disadvantage during idompet42°C
(Figure 4C). In case of the mutak®TM14 5307, the mutant demonstrated a clear competitive
disadvantage even at 37°C (Figure 4D), yet a more severe dwepeisadvantage was
observed at 42°C (Day 7: Figure 4D).

To determine the accuracy of fithess measurement inferrethdyTn-seq profiles, we
compared the fitness indices obtained by Tn-seq data and compasisiay for each gene. As
shown in Figure 5, Tn-seq data were able to predict the fithesscbf mutant strain with high

levels of accuracy.
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Insertionsin the conditionally essential genes are not lethal

We analyzed our data in comparison with those frenaitro metabolic reconstruction (MRS)
modeling (Feistet al., 2009). A metabolic reconstruction breaks down all known metabolic
pathways in the cell into their respective reactions and enzyndsanalyzes them within the
perspective of the entire system. One such MR recently repant&himonellaTyphimurium
LT2 (Thiele et al., 2011) predicted 144 genes lethal for growth or survival in LB mé&tie.
found that the 21 genes out of the 105 genes identified in our studyalgerésted as lethal
genes. However, construction of deletion mutants have been reported previouslgdet &P |of
those 21 genes (Yethan al.,2000; Gantoi®t al.,2009; Karasovat al.,2009; Suet al.,2009;
Kong et al.,2011)suggesting that the prediction of lethal genes by this MR iscmirate. The
non-essential nature of the 105 conditionally essential genes idéntifithis study is also
supported by additional experimental evidence by Langridge &0&I9),in which 356 essential
genes were discovered $1Typhi with high confidence using 1.1 million random Tn5 insertions
in the genome. Among the 105 genes identified in our study, only two gedé@sa(idpssA
were reported as essential and 29 genes were classified agagéoais for growth in LB

medium (Langridget al.,2009).

Biological roles of theidentified conditionally essential genes during host infection

As an important bacterial pathogen with a battery of genetic évalgable,S. Typhimurium
has been used commonly as a model organism to study bacterial pasigéansequently, a
large quantity of ‘omics’ (genomics, transcriptomics, and proteomdsa have been
accumulated fo8. Typhimurium and other related serotypes (Gillegpial.,2011). Particularly,

a large portion of those studies has been conducted in the context patimgien interactions.
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In order to gain deeper insights on the biological implicationhefgenes identified in this
study, we analyzed them in light of those data. We found the resblmned from
comprehensive functional profiling of mutant libraries (random irmestor targeted deletions)
obtained using animal infection models would be particularly usefiledding insights on the
role of the genes and their products during host infection. Thege-daale high-throughput
screenings oBalmonellamutants have provided almost saturating lists ofSaknonellagenes
essential forin vivo infection using different infection models of mouse (Chetnal., 2005;
Lawleyet al.,2006; Chaudhurtal., 2009; Santiviaget al.,2009). For a large portion of these
in vivo essential genes, however, the biochemical bases for attenuatitve ofutants are
unknown. Our study revealed comprehensive sets of conditionally esgems with relevance
to stress resistance during host infection. Therefore, the ca@opani our data with the existing
functional profiling data would provide the biological basis for the requent of at least a
subset of the genes essentialifovivo infection.

For each of the 105 genes identified as conditionally essentiakistudy, we determined if
they have been previously identified as essentialrfarivo fitness during infection in animal
models (mouse or chicken). One requirement for a gene to havefarrivlevivo fitness is that
the protein encoded by the gene should be exprdssed/o. Therefore, we also used the
comprehensiven vivo proteomics data ob Typhimurium obtained using both systemic and
enteric infection models of mice to determine if protein encodeéalsh of the 105 genes was
expressedn vivo during infection in mouse (Becket al.,2006). However, nin vivo protein
expression data is available for chicken. The summary of the functiofoamation and

proteome data is shown in Figure 6 (Table S3-S6 for more details).
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The low nutrient condition reflected in dLB medium is encountere8dbisnonellacells when
they are present inside macrophage vacuoles during systemidomféeoster and Spector,
1995). Out of 24 genes essential for fitness in dLB, 19 genessheren to be essential for
vivo fitness during a systemic infection in the mouse, among whielvo protein expression
during systemic infection was detected for 14 genes (FigteT@ble S4). Five proteins
previously shown to be required for vivo survival during systemic infection in mice (RecG,
GInL, LepA, RfaQ, and ZntA) were not deteciadvivo probably due to the limited amount and
high complexity of the sample (Becket al., 2006). Two proteins among the 16 proteins
detectedin vivo (Pnp, and OmpA) are not required for fithess during systemictimecr his
analysis suggests that the 19 genes were required ¥oro fithess during systemic infection in
mice due to their requirements for fithess under low-nutrient conditiowever, none of the 24
genes were shown to be important during systemic infection in ch{€kgure 6B). This reflects
the fact that all large scale mutant screenings have beesrmped with the mouse systemic
infection model and the number of mutants screened in chickens isiméed|(Turneret al.,
1998; Shalet al.,2005).

In case of LB-bileSalmonellashould encounter bile stress in the intestinal tract of the host
during enteric infection (Foster and Spector, 19%%)enteric infection model of mouse, 25
genes out of the total 48 genes required for bile resistand&o were shown to be expressed
from the cecal samples of the infected mouse (Figure 6C; Bt)leAmong the 25, 5 proteins
(RfaL, RfaJ, Rfal, Rfc, and RfbP) were shown to be importaninfervo fitness. Interestingly,
all these 5 proteins are involved in biosynthesis of lipopolysadshaare and O-antigen (Kong
et al.,2011). The remaining 20 genes have not been linked to enteric infectioouise, which

probably reflects the lack of comprehensive screening conductedniathiceinfection model of
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mouse due to the technical difficulty associated with bottle eeciting in enteric infection
model. However, the fact that these 20 genes are both expresggd and required for bile
resistancan vitro strongly suggests that these genes play roles in efficeanization in the
intestinal tract via conferring resistance to bile. Intangbt, 12 of the 48 genes were shown to
be important for cecal colonization during chicken infection (Figure 6)e of the 12 genes
(acrB, rfbN, rfbD, rfbB, tolC, rfbl, rfbK, rbsK, andrfbP) were shown to be expressedvivo in
enteric infection model of mouse, yet only one of thefloR) has been functionally linked to
enteric infection model of mouse (Table S5).

The elevated temperature of °@2 is the body temperature of avian species including
chickens. Therefore, any mutant with fithess defect A€ 42 very likely to be attenuated during
infection in a chicken. Among the 40 genes identified as esséntifitness at 42C in this
study, only 2 genes were previously implicated withvivo fithess defect during chicken
infection (Figure 6E; Table S6). The result suggests that thegenesrfaY and rfbP, are
required for infection in chicken through their requirements faefis at 42C. However, one of
the proteins (RfbP) is also required for both systemic and enté&ation in mouse, whose body
temperature is 3T, indicates that there is other mechanism(s) underlyingttéeuation of the
mutants during host infection (Table S6). For example, the fitness fodéhe rfbP gene was
0.45 and 0.01 for dLB and LB-bile, respectively, indicating that this gemdso required for
fitness under low-nutrient conditions (although the fitness index was =B\@) bile-rich
environments.

DISCUSSION
In this study, we described a new version of Tn-seq method andtweigd $tringent cutoffs

to obtain robust fitness profiling of entire genomeSofTyphimurium 14028 strain under 3
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differentin vitro stress conditions, including low-nutrient, bile-rich, and high temperéa2a°C)
environments. The phenotype characterization of the 4 deletion mutangs vaith previous
studies on bile acid resistance 8hlmonellademonstrated that our Tn-seq method and
bioinformatics analysis assessed gene functions accurately.

This method as a variation on existing Tn-seq methods is based arsehef modified
EZ:Tn5 transposon that carries recognition site of TypellS ee&smFI on one ME sequence
to allow straightforward and robust extraction of Tn5-junction sequesfcée identical length
of 12nt from a complex mutant library. We used our Tn-seq methoanjurection with
barcoding strategy and lllumina sequencing to allow high-resalfinctional genome scanning
for multiple selective conditions of interest.

There are other existing methods for comprehensive functional screagnegransposon
mutant library with the aid of next generation sequencing (Gawroeisél., 2009; Goodmaret
al., 2009; Langridge et al., 2009; van Opijneret al., 2009; Christeret al., 2011; Eckertet
al.,2011; Gallagheet al.,2011). Our method is distinct from other methods in that we employed
EZ:Tn5 mutagenesis system. The proven broad-host range of thisemedagsystem along with
a commercially available EZ-TA% Transposase (Epicentre BioTechnologies) will make this
method easily accessible and applicable to variety of bdctepecies with appropriate
modifications on an antibiotics cassette and its promoter. EZ:TstBrsywas also used in the
method developed by Langridge et al. (2009), and the strategiemped by Gawronski et al.
(2009), Gallagher et al. (2011), Eckert et al. (2011), and Christeh €2041) should be
applicable to EZ:Tn5 system with appropriate modifications. Howeuer Tn-seq method is
technically more simple and straightforward as compared to ote#hods involving mechanical

shearing and fractionation of DNA fragments (Gawroretkal., 2009; Langridgeet al., 2009;
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Eckertet al.,2011; Gallagheet al., 2011). In addition, the uniform length of PCR amplicons
obtained by our protocol provides an efficient means to remove fragmesulting from a
possible aberrant PCR reaction.

One drawback of our method is the relatively short length of thesposon-junction
sequences, which made it necessary to discard approximately boéthaltransposon-junction
sequences mapped to the genome. However, increasing the number mif rutine library
along with more sequencing reads would eventually overcome this proBbeticularly with
rapidly increasing sequencing capacity of next generation seiqpgetechnologies, this will
become a negligible issue (Metzker, 2010).

We also demonstrate for the first time that this Tn-seq approauld be used in conjunction
with barcodes to analyze multiple samples simultaneously. Tgpsoach will allow high-
resolution functional screening of a bacterial genome for multiple selectngstions of interest,
opening the door for multidimensional comprehensive understanding of bacteri&ligetens.

In this study, we modified the DNA sequence of plasmid pM&B <KAN-2/ MCS> to
obtain the EZ:Tn5-BsmFl fragment. Alternatively, EZ:Tn5-Bsmfeluld be prepared by
amplifying the template plasmid pMOB-6 <KAN-2/ MCS> or any other derivative plasmids
using a pair of primers corresponding to the ME sequences wheod thaeprimers contain one
nucleotide change to introduce BsmFl site into the ME region (unpublddta). This can
simplify the procedure by eliminating the step for site-directed mutagene

We have identified 105 genes conditionally essential for fitness thddéferent conditions
reflecting stressorSalmonellavould encounter during survival in the environments and infected
hosts. We examined the biological significance of these genegycost infection by analyzing

the data in light of currently available mutant fithess daié @roteomics data obtained from
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animal infection studies. Through this analysis, we assigned bialofg&ses forin vivo
requirements of the proteins for all 58 genes among the 105 geneBadantthis study. This
process resembles the virulence-attenuated pool (VAP) screening signature-tagged
mutagenesis (STM), which is performed with a subset of thenatignutants shown to be
attenuatedn vivo to reveal roles that the identified factors play in theatibn process (Merrell
and Camilli, 2002; Merrelet al.,2002). For VAP screening based on STM, the need to reduce
the pool for further screening came from the limited (~96) numbenwants that can be
screened simultaneously by STM. However, the global scale at@ftadtiveness of Tn-seq
method eliminates the need to prepare a smaller size of VARqua®Econdary screening under
various stress conditions. Instead, a complex library of transpostants could be screened
simultaneously or one at a time under multiple conditions includingahnnfection and other
host-associated stressors. If this approach is used in an anfewion model in conjunction
with screenings for a variety of virulence-associated phenotgpessentative of the all known
host barriers to overcome for successful infection, it is exp¢etpbvide a wealth of functional

information for most of thén vivo essential factors.

The genes identified in this study include many putative or hypodhefenes or the genes
with unknown functions. Understanding the functions of these genes and prisdexqiected to
reveal unknown mechanisms 8almonellasurvival and persistence during its life cycle. In
addition, these genes have great potentials to be used as good eatadgidas for development
of vaccines and novel antimicrobials. The mutants with deletions i sdrthose genes that
would still allowin vivo survival, yet at appropriately reduced levels could be verygtaféein

eliciting an adaptive immune response in the host, while theykatg be cleared from the host
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faster than the wild type strain. It would be interesting 8 $ Typhimurium mutant with

reduced fitness at 42°C as an attenuated live vaccine for poultry.

With rapidly increasing sequencing capacity of th& generation sequencing technologies
(Metzker, 2010) and emergence of tH& @eneration sequencing methods with even greater
potential (Rothberget al.,2011) our Tn-seq method will allow exploration into comprehensive
understanding of the functional implications of genetic elements ¢mating and non-coding
genes) at increasingly higher resolution for a varietyiofogical contexts (Christeet al.,

2011).
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Tables

Table S1.  Oligonucleotides used in this study

Table S2. Summary of lllumina sequencing data analysis

Table S3. List of all conditionally essential genes identified in this studggss index 0.2

under at least one of the conditions)

Table S4. The genes conditionally essential for fitness in dLB medium. The geswes al
essential for fitness in LB were removed from the list.

Table S5.  The genes conditionally essential for fitness in LB-bile medium. The géses

essential for fitness in LB were removed from the list.

Table S6.  The genes conditionally essential for fithess in LB-42°C medium. The gepnes a

essential for fitness in LB were removed from the list.

Figure legends

Figure 1. Schematic diagrams for Tn-seq method used in this study.if@leSucleotide
was changed in one mosaic end (ME) of EZthZo introduce BsmpFl
recognition site (5’-GGGAC(Np|-3'/3-CCCTG(N)41-5). (B) Deep profiling of

Tn5-junction sequences by Illumna sequencing.

Figure 2. Identification of the genes conditionally essential for fitnesder 3 different
selective conditions: dLB, LB-bile, and LB-22. Genome-wide view of the
fitness indeX (= total read counts in the input pool/ total read counts in the
normalized output pool ) is shown for each gene identified under the optimal
growth condition (LB medium; control) and the 3 different selectimeditions.

Fitness indeX was used for Y-axis (instead of fitness index) for better
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visualization of mutants with fithess defect as indicated kyhilgh peaks. The
cutoff line of 5 (=0.2) used in this study to determine fitness defect is shown
(dashed lines). The genes selected in this study for further noli@nrastcterization
are shown by arrows.

Figure 3. Conditionally essential genes. (A) The genes identified as comalily essential
for fitness under each of the three selective conditions. The nuwoihibies genes
that are also essential for optimal fitness in LB mediunshosvn in parenthesis.
There were 8 additional genes essential for fitness in LBunredut dispensable
for fitness under all of 3 selective conditions. (B) Functionasifecation of the

identified genes.

Figure 4. Competition between the wild type and eachAplyrD, AgInL, ArecD, and
ASTM14 5307 mutants. For competition assay, the wild type and eaclouleleti
mutant was mixed in 1:1 ratio and inoculated into 2 different cultarelitions
(control vs. relevant test condition indicated). The cultures wergedilinto
respective selective conditions every 24 hr for up to 4-8 dayscdlhaumbers
were determined for the wild type (\fpand mutant cells (Kf) each day using
LB plates supplemented with appropriate antibiotics. ApyrD (LB vs. dLB),

(B) AginL (LB vs. dLB), (C) ArecD (LB at 37°C vs. 42°C), and (D)

ASTM14_5307 (LB at 37°C vs. 42°C).

Figure 5. Comparison of the fitness indices obtained by Tn-seq data (in B&)land a

competition assay (CA) fokpyrD, AgInL, ArecD, andASTM14 5307 mutants.
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Figure 6.

Figure S1.

Figure S2.

Figure S3.

Figure S4.

The comparison was made for 2 different culture conditions (controélesant
test condition indicated) for each mutant. The results of competisay gn=3)

were obtained at day A|pyrD, AgInL, andArecD) or 7 ASTM14_5307).

In vivo functions of the gene products during animal infection. Among ¢heg
conditionally required for fithess under each selective condition, thdensnof
the genes required fam vivo fitness during animal infection (mouse vs. chicken)
through 2 different infection routes (systemic vs. enteric irdegtare indicated.
The numbers of the genes that produce protgingvo are also indicated for
mouse infection model using the 2 different routes of infecildie genes also
essential for fithess in LB were not included in the numbers otdhditionally

essential genes.

Structure of the 129 bp PCR amplicon containing Tn-5 junction sequence (12bp),

ME sequence (19bp) and barcode (6bp).

The percentage of transposon-junction sequences of different lengtheely

mapping to the genome.

Percentage of the sequence reads for Tn5-junction sequences of diffegtTs. le

Reproducibility of biological replicates. Two biological repteasamples were

analyzed by Tn-seq for (A) chromosomal’$R0.99), and (B) plasmid genes
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(R?=0.99). Axes represent the total number of sequence reads mappedtimninse

sites in all genes (5-80% of the coding region).

Figure S5.  Growth curves of the wild type\pyrD and AgInL strains in LB or 10X diluted
LB medium (dLB).Growth patterns of the wild type and mutant straysy(D,
and AgInL) were determined during growth in LB (control) and dLB medium.
Single colonies from freshly streaked LB agar plates weoeulated into LB
broth and incubated overnight at 37°C with vigorous shaking (rpm = 225). One pl
of overnight cultures were transferred into 200f fresh medium per well in 96-
well polystyrene plate and incubated at 37°C for 18 hrs without shakirey. Th
absorbance (Ofy) was measured using Infinfte200 (TECAN Group Ltd.,

USA).
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Table S10ligonucleotides used in this study.
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Table S2.Summary of lllumina sequencing data analysis.
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Figure 1B.
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Figure 2.
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Figure 3A.

Total 113 genes (105 + 8)
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Figure 3B.
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Figure 4A.
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Figure 4C.
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Figure 4D.
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Figure 5.
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Figure 6.
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Figure S2.
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Figure S4.
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Figure S4.
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CHAPTER IlI

IDENTIFICATION OF SALMONELLA TYPHIMURIUM GENES CONDITIONALLY
ESSENTIAL FOR SURVIVAL DURING COLD TEMPERATURE STORAGE USI NG
Tn-Seq METHOD
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Identification of Salmonella Typhimurium Genes Conditionally Essential for Survival

During Cold Temperature Storage using Tn-seq Method

ABSTRACT

Non-typhoidal Salmonellae are highly prevalent food borne pathogemgridwide
economic and public health importance. Contaminated foods including meat,prodatts
eggs, fruits, vegetables are responsible for spread of organismséms. The challenges to our
ability to reduce incidence of food-borne illness arise fronormuete scientific knowledge of
the pathogens. Thus, the knowledge of the bacterial factorssaegdsr Salmonellato persist
sub-clinically inside livestock and survive and grow in other reservaiich as crops and
processed foods will allow the development of new strategies tmwagdood safety. In this
study, we applied Tn-seq, a powerful functional genomics tool toallifse entireSalmonella
genome, to identify the genes conditionally essential under food staadeians, namely 4°C
refrigeration and -20°C freezing temperatures. We have prevideshpnstrated the utility and
efficiency of this Tn-seq method in comprehensive identificatioroatlitionally essential genes
in Salmonella In total Forty two overlapping genes exhibited strong fitness defieder
selective conditions and thus were identified as conditionally eslsélttirty seven genes were
identified at 4C, 41 genes were identified at °ZD and 36 of the genes identified were common
in both selective conditions. Four genes nanrdd, sapD, rfbF andrfbl were picked for further
phenotypic characterization. Deletion mutants were subjected tododlvsurvival assays and
competition assays. Surprisingly, none of the mutants showed significan¢mitkein survival at
cold storage temperature as compared to wild type. This sfuiglimonellagenome to identify
the genes conditionally essential under food storage conditions, namelgfdf€ration and -

20°C freezing temperatures, is first of its kind attempted. Theome of this study is a
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challenge to us to design experiments to study the intrcatitnis food borne pathogen further,

until we find a reasonable explanation.

INTRODUCTION

Salmonellais a one of the most common food-borne bacterial pathogenimadfetiout
1.4 million people annually in the U.S, causing 20,000 hospitalizations ande4@its resulting
in total cost of estimated 3 billion dollars annually in the U.S({Bmic Research service 2011;
Scallanet al., 2011). Thirty five percent of all food-borne hospitalizations and 28%oa-
borne disease deaths are causedShimonella(Scallanet al., 2011). FoodNet surveillance
(1996-1998) compared with 2010 surveillance does not show any change inideadacof
Salmonellainfection (CDC factsheet, 2010). Among more than 2,530monella enterica
serotypes, serotype Typhimurium is the most common one causing [&airaonellosis in the
U.S. There are numerous sourcessafmonellacontamination in human food chain but poultry
products still remain the major source of human non-typhoidal salrmsisglaccounting for up
to 50% of total incidence in the U.S (CDC, 1996). In recent yeansotneyphoidalSalmonella
infection has been attributed to fruits, vegetables and procéssdd such as peanut butter
(www.CDC.gov).Salmonella spcan colonize wide range of hosts such as poultry, cattle, pigs,
and survive under food processing stresses and eventually lead to prodiiotontaminated
meat and other food products. These diverse habitat pr@abheonellawith an opportunity to
adapt and evolve, which is demonstrated by changing trends in salmsaéNewellet al.,
2010) and exemplified by isolation &almonellafrom unconventional food sources like fresh
produce (Franz and van Bruggen, 2008). This pathogen continues to remeat hugden for

both poultry industry as well as human public safety.
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Various physical and chemical methods are used in the food procésdusjry to
reduce or prevent the introduction and survival of microorganisms in foodicBhgnethods of
preservation can include dehydration, freeze-drying, heat treatoremtadiation. Chemical
techniques include use of antimicrobial agents, organic acids, amvhsdit are added to foods
to reduce the levels of contamination. All of these preventive methodshy exerting various
forms of stress on the bacterial cell, leading to growth inbibior death. However, the
microorganisms have remarkable adaptive mechanisms that enable téheespond to
environmental stresses, such as wide fluctuations in temperature, salt, antbaagatration, or
pH. Therefore, it is not surprising that microorganisms have develegedance to a number of
preservative agents used in the food processing ind¥triteki and Kineman, 2003). In poultry
industry, methods that reduce bacterial pathogens in the post-harveso$tamdsy production
are based on the general bacteriostatic or bactericidameett of poultry products and
processing environments. Although effective in reducing bacterial loagtstaminated poultry
products, it is obvious that more effective control measures areah demand to ensure supply
of safer poultry products.

To develop more effective strategies, it is important to taspecific pathways in
Salmonellathat are essential for persistence in poultry processing, handhdgstorage
environments. The knowledge of genetic factors Salmonella that are essential for
counteracting stresses at different stages of poultry produectigrocessing would make it
possible to develop control measures targeting those particutavgyet The development and
application of novel functional genomics tools have allowed rapid progredsdidating genetic
factors and pathways in various bacterial pathogens that areigpaliijt essential under various

selective conditions. These pathways can be explored as promigetsthor development of
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novel antimicrobials. In the case of food-borne bacterial pathogemsynderstanding of the
molecular mechanisms underlying a pathogen’s capability toveuand persist in the stressful
environments during pre- and post-harvest food processing and distriledguld be crucial for
development of effective measures to reduce the pathogens inofiapfoducts (Kworet al.,
2009). However, the genetic factors of food-borne bacterial pathegeestial for persistence in
food environments have been largely unexplored. It is expected thatofimicgenomics
approaches that have been extensively used to study bactdnadgrat in the context of host-
pathogen interactions would be a powerful tool to increase our understanding area of
study. Particularly, functional analysis tools that can asgesgtic requirements using a
complex transposon mutant library and next-generation sequend3ig) (fdchnologies will be
readily available to identify genetic factors 8f Typhimurium essential for survival and
persistence in association with chicken carcasses during pouttdpqtion, processing and
distribution (van Opijneret al., 2009, Khatiwaraet al.,2012). The resulting information would
be crucial in developing more effective strategies to controh@alla contaminating poultry
products.

Low-temperature storage of poultry and poultry meat products is @ortamt method of
controlling microbial growth by slowing the catalytic ability microbial enzymes resulting in
deceleration of metabolic processes. The bacterial cells expoded temperature undergo
physiological changes such as decrease in membrane fluithtyilization of secondary
structures of nucleic acids leading to reduced transcriptiortranglation efficiency; inefficient
folding of proteins and hampered ribosome function as documented by Rh&za4).
However, low temperature treatment induces synthesis of numipeotefns called cold shock

proteins to counteract the harmful effect of temperature charngeiually the bacterial cells
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become acclimated to low temperature (Jated., 1987). The study and understanding of cold
shock response of food-borne pathogens suchaimonellais imperative as refrigeration and
freezing are commonly used for food storage.

Recently, a powerful functional genomics tool has been establishdidstrt the entire
Salmonellagenome for the genes conditionally essential under the seleondition of interest.
We have applied this method, Tn-seq, successfully to conduct a genomsevadring for the
genes essential for optimal growth under various stress awmgliassociated with chicken
infection including low nutrient condition, bile salt-rich condition, and42°C temperature
(Khatiwaraet al.,2012). In this study the same Tn-seq method is applied to studyicoatiyt
essentiaBalmonellagenes as an important step toward comprehensive and deepstanaiag
of the genetic mechanisms used 8wlmonellato persist in storage conditions (4°C for
refrigeration and -20°C for freezing). Although numerous studies havecbadncted to reduce
Salmonellain poultry products, little is known regarding the genetic mechanistitized by
Salmonellato persist in the environments against various stress conditt@hsrgibacterial
treatments. This approach is analogous to the recent strategieselop novel antibiotics, in
which efforts are focused on targeting specific pathways famesft control while minimizing
the probability of development of antibiotic resistance (Clatwoehyal., 2007). A better
understanding of th&almonellagenes that are required for growth and survival in foods, and
surrounding environments will help to focus on future food safety ingisitike development of
antimicrobials and to introduce latest science-based approachespection using hazard

analysis and critical control points (HACCP) programs.
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MATERIALS AND METHODS
Bacterial strains and culture conditions

S. Typhimurium 14028 wild type strain or a spontaneous mutant redistalaidixic
Acid (NA) were grown in Luria Bertani (LB) media or LB agalates and stored at -80°C in
30% glycerol. The cultures were incubated at 37°C unless describedwise. Where

appropriate, the LB agar plates contained NA (25ug/ml) or Kanamy@ug(l).
Transposon mutant library construction

Site-directed mutagenesis was performed to change one nucleotide db MN6O
<KAN-2/ MCS> plasmid (Epicentre, Madison, WI) corresponding to owsaic end (ME)
sequence to introduce the recognition sequence of TypellS erBsymEl using QuikChange
Site-directed mutagenesis kit (Agilent Technologies La Jolg,dnhd oligonucleotides in Table
1. The nucleotide change was confirmed by DNA sequencing, and the modified plas@id; pM
BsmFI, was used for transposon mutagenesis of S. Typhimurium ATCC 14l02§pe strain.
Briefly, pMOD-BsmFI was digested with Pvu Il enzyme and the 1,2Xtdgment of the
modified EZ:Tn8M, EZ:Tn5-BsmFI, was obtained by agarose gel-purification witagposure
to UV light. The EZ:Tn5-BsmFI was then incubated with EZ-ThSransposase (Epicentre
BioTechnologies, Madison, WI, USA) to form a transposon complex accawlihg instruction
manual. Two ul of the complex was then used to transform eleotp®tent S. Typhimurium
14028 wild type cells by electroporation. Km-resistant transformaaits selected on LB plates
supplemented with Km. The resulting mutants were combined to famomalex library of Tn5
mutants containing approximately 1.6 x 104 mutants. The library wesdsat -80°C in 30%

glycerol.
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In vitro selection of transposon mutant library

The mutant library was subjected to selection under 2 differentrm eonditions; 4°C
and -20° C. Approximately 1.6x1@almonella Typhimurium14028 Tn5 mutants were grown at
37 °C for an hour with vigorous shaking at 225rpm. The culture was thdreevéisree times
with 1X phosphate buffered saline (PBS) and OD was adjusted 1td, corresponding to
7.6x10 colony-forming units (CFU) per ml. The culture was dispensed ingotdibes with 1ml
in each, tube 1 for Input, tube 2&3 for 4° C outputs, and tube 4&5 for -20°pghitsutGenomic
DNA was extracted from input sample (tube 1) for lllumina Di¥@gment library preparation
using QIAamp DNA mini kit (Qiagen, USA). Each pair of output sasplere incubated either
at 4° C or -20° C for 17 days. After 17days incubation four cultures rgeovered on LB agar
plates supplemented with kanamycin, CFUs were determined. GenonAcwai extracted

from the harvested output samples.
Sample preparation and I llumina sequencing

Genomic DNA extracted from one input pool and four output pools (Figureids)
digested with BsmFlI restriction enzyme (New England BioLabs, tswWilA) at 65°C for 3 hrs.
After heat inactivation at 80°C for 20 min, the digested DNA weated with calf intestinal
alkaline phosphatase (NEB) at 37°C for 1hr to prevent self-ligatidmeifollowing ligation step
by incubation for additional 1 hr. DNA was then phenol-chloroform exdacethanol
precipitated and dissolved in 10 H,O. DNA digests were subsequently ligated to Tn-seq
linker, formed by annealing Tn-seq linker 1 and 2 oligonucleotides €Tapl by overnight
incubation at room temperature. The Tn-seq linker-ligated samaes subsequently used as

templates in PCR reaction using cloned Pfu DNA polymerased®tgilechnologies) with one
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of the 5 barcoded Tn5 primers and Tn-seq linker primer (TablEh&)PCR cycles consisted of
initial denaturation at 94°C for 2 min, 5 cycles of 94°C for 30 sec, 56r@ min, and 72°C for
30 sec, 20 cycles of 94°C for 30 sec, 62°C for 1 min, and 72°C for 30 sewddllby final
extension at72°C for 10 min. PCR amplicons of 129 bp were visualizgdréFilb), PAGE-
purified and dissolved in H20. Five DNA samples tagged with differeccbbdas were pooled at
the same amount based on measurement with a NanoDrop apparatus (Hiseen&cientific).
The pooled sample was visualized (Figure 2.), PAGE- purified andyfiaaalyzed using
Affimetrix Bio Analyzer to check the quality. Sequencing was cotetu@t the Institute for
Integrative Genome Biology in the University of California atd®side using lllumina Genome

Analyzer Il

Data analysis

Python programming language was used for initial data asalyBe sequence reads
obtained from lllumina sequencing was sorted for the readsdhtdic a perfect 19 bp modified
ME sequence (5-CTGTCCCTTATACACATCT-3’). The resulting fikel sequences were
sorted according to 5 bp barcode sequence demanding perfect matoh of the 5 barcodes.
Then, transposon-junction sequences were extracted from thedfilieaels and the junction
sequences of 11-13 bp long were selected for further analysise HBeéscted transposon-
junction sequences were then mapped to the complete genome of S. droirh4028 (Jarvik
et al.,2010) (Accession Number: Chromosome CP001363.1, Plasmid CP001362.1) tdheelect t
reads that perfectly match to the genome sequence. Additiorahfiltwas performed to select
the reads that map to the genome only in one locus. The output data dlmgititee Python
script contained the information on the transposon-junction sequences,(oniggmosome Vvs.

plasmid), genomic coordinate corresponding to Tn5 insertion site, strarsd € strand), and the
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number of the reads in each pool for 5 mutant pools (1 input pool and 4 output Ploelahove
data for chromosome and plasmid were processed separatelyJhBt8gsoftware (SAS, Cary,
North Carolina) from this step. For additional filtering, insertianh read counts in the input
pool <10 were eliminated to remove background nonspecific reads. For lizatiog,
normalization factor was calculated according to the formulaR@4(Si/So), in which the
variables represent the total number of sequence reads (R) artbmsites (S) detected in the
input (i) and output(o) pools, respectively, for each output pool (Gawretnsdi, 2009). The
number of sequence reads for each insertion in each output pool was ieaulbgl the
corresponding normalization factor. After normalization, the imsetin a gene with <3
insertions within the internal 5 - 80% of the coding region werevech Then the numbers of
all sequence reads within each gene were combined for eachopobtain total number of
normalized sequence reads originated from each gene. Then tke filee was calculated for
each gene by dividing the total number of sequence reads in th@agbdltty those in the output

pool.

Statistical Analysis

The statistical analysis of chromosome and plasmid data wa&sdcaut separately using
JMP8 software (SAS, Cary, North Carolina). Fithess averagesAiC and -20° C were
calculated and the data were subjected to t-test and P valumlvakted. Genes with P value
<0.01 and fitness valug0.33 representing three fold reduction in relative abundance during

selection were identified as conditionally essential genes under eactiveetondition.
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Construction of deletion mutants

Oligonucleotides described in (Tablel) were designed to produce sielgition mutants
of S. Typhimurium 14028 harboring a mutationtikA, sapD rfbF and rfbl. Mutants were
constructed using Lamda Red recombination system by the methatbeleésoy Cox et al.
(2007). Briefly, a PCR amplicon containing the pKD13 (Datseekal., 2000) kanamycin
resistant gene cassette flanked by approximately 200-300 bp ofsBéjiliences homologous to
the up and downstream regions of the target gene was obtained appwey extension PCR
using Ex Taq TaKaRa polymerase (Takara Bio, Inc). The overlappitension PCR cycle
consisted of initial denaturation at 94°C for 2 min, 29 cycles of 94fG0 sec, 58°C for 1 min,
and 72°C for 3min followed by final extension at 72°C for 10min. The amplwas then used
to transform S. Typhimurium containing plasmid pKD46 to introduce KmReti@sinto target
gene. The cells were selected on LB plate supplemented withTKetrkA andsapD deletions
were transferred to the fresh wild type background by P22 traimsaand finally selected on
LB agar plates supplemented with Km. TitleF andrfbl failed repeatedly to produce phage
lysate so these mutation could not be transferred to the fresprback. The sequencing result

confirmed the successful construction of all four mutants.

Survival assays

Growth patterns of the wild type and mutant stramgk@, AsapD ArfbF andArfbl)
were determined during growth in LB at 4° C and -20°C. Single cadroen freshly streaked
LB agar plates were inoculated into three tubes with 2ml LBhhroeach tube and incubated
16h at 37°C with vigorous shaking (rpm = 225). Contents from the tubesomerbined and

washed three times with 1X PBS and finally re-suspended in 6nidra®. Then 150uL of the
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contents were dispensed into forty micro-centrifuge tubes anddsaordC and-20°C. The
content was also used to determine O day cell count by dduabn and plating. Three tubes
(replicates) were pulled from 4°C and-20°C on 3, 6, 9, 12, 15 days and serially dilutedtadd pl
to determine viable cell count. The data obtained were processedlctdate percentage

survivability mutants/ wild type.
Competition Assay

All mutant strains were exposed t0°4€ to remove plasmid pKD46 if any. Single
colonies from freshly streaked LB agar plates were inoculatedai tubes with 4ml LB broth
and incubated 16h at 37°C with vigorous shaking (rpm = 225). After 16h incapatiltures
were washed 3X with 1X PBS and re-suspended in LB broth. Wikldypd mutant were mixed
at 1:1000 ratios to simulate mutant library selection ratio and 2@futhe mixture was
dispensed in micro-centrifuge tubes and stored’@t ahd-26C. Mixture was also serially
diluted and plated to determine O day count. After 17day cultures mdlesl out of 4°C and-
20°C and serially diluted and plated on Kan and Na plates. Next dagltrees were counted

and CFUs/ml was determined.
RESULTS
Methodol ogy

We engineered Tn5 derivative transposon (EZ™n5BsmFl) that carries modified
inverted repeat (IR) sequences that is recognized by testrenzyme BsmFI. BsmFI cuts
14bp away from the recognition site and this property was usedraxtePbp sequences en
mass immediately adjacent to Tn5 insertion site to identifycurathtify each insertion in the
library. EZ:Tn5-BsmFl is a powerful tool for deep profiling of compiesertion mutant library
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via lllumina sequencing as shown by earlier study. (Detaiarmation is available in the

previous chapter)
Selection of the mutant library

Tn-seq method was used for genome-wide identification of S. Typhimugemes
conditionally essential for fitness under 2 different in vitro coonds. Two selective conditions
in this study were chosen to mimic storage and handling tempesatamely 4°C refrigerating
and -20°C freezing environment (LB media), The EZ:Tn5-BsmFI muthrdryi consists of
approximately 1.6 x Tdifferent mutants, and the inoculum of 1 ml contained approximately 7.3
x 10’ cells, indicating each mutant in the library was representegppsoximately 4,600 cells.
Mutants were incubated at either 4°C or -20°C for 17 days. Follathend7 day incubation, the
cultures were recovered on LB agar plates supplemented with 50ofgkahamycin, and the

number of CFUs was determined by counting viable cells (colonies) on thevecteates.
Analysis of Illumina sequencing data

The summary of the lllumina sequencing data and its analyskaan in Table 2.
Among the total of 35,688,012 sequence reads obtained from a singledlbvane, 95%
(33,988,628 reads) contained the complete 19 bp ME sequence. Among thesg3,aa@ds365
reads (98%) contained the complete 6bp barcode sequences perfatithyng one of the 5
barcodes. When these reads were sorted according to the barcodeaiwedotwlatively even
distribution across different barcodes: 5,442,383 read (ATCACG; Input): 6,15488TGT;
4°C-1): 7,397,692 (TTAGGC; 4°C-2): 7,415,434 (TGACCA; -20°C-1): and 6,768,958
(ACAGTG; LB-20°C-2). The transposon-junction sequences were subrgbgagtracted from

the reads for each barcode. As expected the majority (>99%¢ slejuence reads were 11~13

107



bp long. These 11~13 bp sequence reads for each barcode was furtieer fbitehose that map

to the genome at only one genomic loci. Finally, we obtained 5,412,187; 6,125,632; 7,362,089;
7,389,502 and 6,733,497 reads for each barcode, which corresponds to ~99% of the total numbe
of the transposon-junction sequences of 11~13bp for each barcode. Thezadiondiactors for

the output pools were 0.97 (4°C-1), 0.81 (4°C-2), 0.82(-20°C-1), and 0.90 (-20°C-2) for
chromosome and 0.28 (4°C-1), 0.26 (4°C-2), 0.23 (-20°C-1), and 0.26 (-20°C-2) for plasmid.
When the reads for all insertions in each gene were combined, areeubthe data set for 4,113

and 91 coding genes for chromosome and plasmid, respectively. To obtaire aaiust and
reliable result, the genes that contained less than 3 insertions were rerasuihgin a total of

2,350 and 59 coding genes for chromosome and plasmid, respectively. Vetalsoined the
reproducibility of Tn-seq profiling using two biological replicatéghen the data was processed
separately for chromosome and plasmid, we obtained very high levelsrotiucibility for both

chromosome (R 0.99) and plasmid @0.99) (Figure 3).
| dentification of conditionally essential genes

Statistical analysis was conducted and among the 2,409 (2350 + 59) fgpmes4|, the
genes conditionally essential for each selective condition wetesélected by a cut-off P value
of <0.01 resulting in 200 conditionally essential genes. Then, the getiefitness index ok
0.33, which indicates at least a 3-fold reduction in relative abunddaurteg selection, were
identified as conditionally essential genes under selective conditdies. this selection, 42
conditionally essential genes were identified (figure 5, tabléd® genes selected by this
criterion are expected to exhibit strong fitness defect undéraadition. We identified 37 and
41 genes required for fitness at 4°C and -20°C, respectively (BabM/e identified 42 genes in

total and 36 of them were common in both conditions. The five genesvéhatfound to be
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conditionally essential uniquely at -20°C wearkeT, selC tatC, fdoG and moaC The only
conditionally essential gene identified uniquely in -20C w@S. All of the 42 genes identified

were chromosomal genes and none of them were located on plasmid.

To gain insights on functional trends associated with each selectindition, the
identified genes were assigned to functional (COG; Clusterritfoldgous Groups) categories
(Tatusovet al., 1997) using BLAST on Orthologous Groups (BLASTO) algorithm (Zébal.,
2007) shown in Figure 6. Approximately, 15 to 20% of all the genes igehtifere enriched in
COG category M which represents the genes responsible favalgllmembrane and envelope
biogenesis. Almost 10- to- 12 % of the genes identified were edrich€€OG category C
representing gene playing functional roles in energy production @meexsion. Most of the

genes identified i.e., 30-t0-32% had no related COG category.

Mutant Construction

The basic strategy to replace target gene with an antilgetie was accomplished by
Red- recombination protocol. Kanamycin resistant gene fragment of 1,82@bpbtained from
pKD13 for each gene. Then gene specific upstream fragment weraesbraiccessfully for
trkA (292bp),sapD (329bp),rfbF (265bp) andfbl (270bp) genes. Gene specific downstream
PCR products were obtained successfullytfiA (297bp),sapD (311bp),rfbF (261bp) andfbl
(306bp). Kanamycin resistant gene fragment, upstream and downétaganents were used as
template for overlapping extension PCR to successfully obtafCR amplicon containing the
pKD13 kanamycin resistant gene cassette flanked by approxim2@€h800 bp of DNA
sequences homologous to the up and downstream regions of the targethgeRERT products

were of expected size, nameiiA (1909bp),sapD (1960bp),rfbF (1846bp) andfbl (1896bp).
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These gene specific PCR products were individually electropbratecessfully intoS
Typhimurium containing plasmid pKD46 to construct deletion mutant. Tharhabnstruction
was confirmed by sequencing that showed insertion of KanamycinfigengKD13 at precise

location and thus confirmed deletion of the target genes.

Phenotypic characterization of deletion mutants

To further verify the result of the Tn-seq screening, we sotghtharacterize the
functions of the identified genes. We chose the four genes,sapD rfbF andrfbl, among the
42 genes identified based on its fithness score tfkideandsapD deletion mutants were analyzed
for survivability in LB media at 4° C and -20°C every third degnf day 0 to Day 12. The
mutants did not show significant difference in survivability compavesliid type (Figure 7 and

8).

Since these genes were initially selected by competititimn the mutant library, we
characterized the four mutants using competition assays in whithneatant was competed
against the wild type strain at 1:1000 ratio. The competitioayagsults were compared to the
fitness indices obtained by Tn-seq data (Table 3\fdtA, AsapD, ArfbF and Arfbl mutants.
The result is shown in Figure 9. Surprisingly, the fithess oreasent inferred by Tn-seq data
and competition data for each mutant did not match excepidapD mutant where Tn-seq
index and competition assay show meager but similar trend. rbla¢hgassay and competition
assay were repeated several times with utmost precisicortect mistakes if any that would
explain this unexpected result. Also, the mutants were sequencextdmdstime and the result

did not show any problem. All the repetition led to same outcome.
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DISCUSSION

The incidence of food-borne illness causedshimonellahas remained unchanged over
the last several years a8dlmonellas consistently the most common bacterial pathogen in
food-borne illness cases. The strategies to re&atmonellacontamination of poultry products
are based on variety of antimicrobial techniques, which includes dhleraid thermal
treatments of poultry products and processing environments. Thesgisgatlo not have a
defined molecular target for inhibition though they are able to deerb@® bacterial load. These
strategies are not enough to eliminate bacteria from the pqutiducts; therefore, there is a
need for more effective strategy. Application of currently ad@ antibiotics to poultry
processing is not an option because today antibiotic in food is unadeeakelopment of a
new class of antibiotic specific to the poultry environment magrbeption if we can identify
molecular targets uniquely required for growth or survival during poptwcessing and storage.
In this study, we made an effort to identify genes thatcaraditionally essential during food
storage at 4°C and -20°C using Tn-seq method, which could be molecukets thng future

antimicrobial development.

Bacterial cells undergo physiological changes in respontantperature downshift and
numbers of cold shock proteins are induced to counteract its harmfcisefihadtare, 2004).
We were also able to detect insertions in some of genes enamdihghock proteins but none
of them were recognized as conditionally essential in our stuthube these genes did not meet
our stringent selection criteria of P value <0.01 and Fitness i@l&x(Table 4). The cold stress
associated genes identified in our study wegr@S encoding RpoS, recognized as alternative
sigma factor activated during cold shock in S. Typhimurium (Mitickaal., 2003), katG a
hydroperoxidase,prop a proline/glycine betaine transporteotsB trehalose-6-phosphate
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phosphataseispAencoding universal stress proteind&dAcystein sulfinate desulfinaselpB a
protein disaggregation chaperone, ang a member of mMRNA degradosome, all of these genes
have been previously identified as genes activated during streskesng cold stress ik&. coli

and other bacteria (Phadtare, 2004).

In this study, we were able to identify 42 conditionally esseggakes out of which 36
were common to both conditions. The genes encoding potassium transpanssyri, trkH,
sapD and sapB were identified in our study as conditionally essential genes;atidg the
importance of potassium ions in the survivaSaimonellaat cold temperatures. Based on these
findings, further studies to find natural products that would block thaspoim pathway or
deplete potassium ions could be an efficient means to elimBateonellafrom food during
cold storage. However, the phenotypic study results obtained fronotinemiutants AtrkA,
AsapD, ArfbF, andArfbl) did not correlate to the findings of the Tn-seq method, which is not
only difficult to explain but difficult to comprehend in absence of anfprmation available on

gene functions foalmonellaat 4°C and -20°C selective conditions.

The previous study has demonstrated the utility and efficientlyi®fTn-seq method in
comprehensive identification of conditionally essential geneSalmonella The phenotype
characterization of the 4 deletion mutants in our previous resdénefiaraet al.,2012)along
with previous studies on bile acid resistance demonstrated that eseqTmethod and
bioinformatics analysis assessed gene functions accuratelygdres identified in replicate
samples in this study namely 4°C (Rep 1 and Rep 2) and -20°C (RepReprt) show very
high levels of reproducibility (Figure 3 and Figure 4). The gadentified at 4°C and -20°C are
mostly overlapping (Figure 5) indicating that these are not randcmolsen genes but identified
by Tn-seq method with high level of efficiency and accurdtws, the results of the phenotypic
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assays in this study do not discourage us or make us doubt our methodalgyg\aous results
(Khatiwara et al., 2012). Instead, we look forward to design and conduct experiments to
understand the intricacies of survival &lmonellain various food matrices and finally to

develop methods to eliminate this pathogen from our foods.
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Tables

Table 1. Oligonucleotides used in this study
Table 2. Summary of lllumina sequencing data analysis
Table 3. List of all conditionally essential genes identified in this gt(fdness index< 0.5

under at least one of the conditions)

Table 4. List of genes with transposon insertions identified in this stymhgyiously

recognized as cold stress protein encoding genes (Phadtare, 2004)

Figure Legends

Figure 1. Gel picture. (A) Genomic DNA from input pool, ° € output pool and -2C
output pool in duplicates along with DNA marker in lanel. (B) PAGEpure
showing PCR amplicon of 129bp size obtained from one input pool and two

output pools 4C and -26C in duplicate along with DNA marker in lane 1.

Figure 2. PAGE gel picture showing pooled sample of 129bp that was puaifiedent for

lllumina sequencing.

Figure 3. Reproducibility of biological replicatesTwo biological replicate samples were

analyzed by Tn-seq for (A) chromosomaf£R0.99), and (B) plasmid genes?R.99).
Axes represent the total number of sequence reads mappedrtmmsites in all genes

(5-80% of the coding region).
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Figure 4.

Figure 5.

Figure 6.

Genome-wide view of the fitness ind&enome-wide view of the fitness index
(= total read counts in the input pool/ total read counts in the naedatiutput
pool) for each gene obtained under 2 different selective conditions. SFitriest

was used for Y-axis (instead of fitness index) for better \imatadn of mutants
with fitness defect as indicated by the high peaks. The picturesstiatv the
replicates were similar indicating highly reproducibility ahd genes identified

were overlapping in both selective conditions.

Identification of the genes conditionally essential for fithess uddifferent
selective conditions:°€ and - 20C. (A) Genome-wide view of the fitness index
! (= total read counts in the input pool/ total read counts in the niagdautput
pool ) for each gene obtained under 2 different selective conditidnes&iindex
! was used for Y-axis (instead of fitness index) for better limtion of mutants
with fitness defect as indicated by the high peaks. The dinefof < 0.3 (=3%)
used in this study to determine fitness defect . The underlinedzed genes
were selected in this study for further mutant characteizathe gene shown in
bold italics are the unique genes identified in each condition. (Bnuihvder of
the genes identified as conditionally essential for fithesstwia selective
conditions. Forty-two genes were identified out of which thirtyeexe identified

in both selective conditions.

Functional trends associated with two selective conditions. The genesedantif
the study were assigned to functional (COG; Clusters of Ortbofo@roups)

categories using BLAST on Orthologous groups (BLASTO) algorithm.
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Figure 7.

Figure 8.

Figure 9.

Individual Survival Assay fontrkA and wild type. Mutants and wild type were
incubated separately at@ and -26C. Percentage survivability was calculated at

day 0, 3, 6,9 and 12.

Individual Survival Assay foAsapD and wild type. Mutants and wild type were
incubated separately at@ and -26C. Percentage survivability was calculated at

dayO0, 3, 6,9 and 12.

Comparison of the fitness indices obtained by Tn-seq data (in Tbénd
competition assay (CA) fontrkA, AsapD ArfbF, and Arfbl mutants. The
comparison was made for 2 different selective conditioi€ @hd -26C) for
each mutant. The results of competition assay (n=3) were obtaineg 47 for

wild type and mutantsAtrkA, AsapD ArfbF, andArfbl).
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Table 1.0Oligonucleotides used in this study
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Table 2. Summary of lllumina sequencing data analysis

Sarrple
Total Mo ef Mo af Moo of Trarispason After remoyal of
Mo of readewith reads with with | 1-13hp juticti oty inserions with < | 0reads
reads 1 9 fitip Tratsposot fefuennes Mo, of
barcode
modified juncion mapped to Mo ofreads itgertiog
NE sequence SEUENCE the genome sites
Total 35,688,012 33,788 628 33,179,363 33,022,907 33,022,907
Input 32544
5412187 5412187 1816472
420 (1) 32,218
6,125,832 6,125,632 2875348
4°C (3 31,937
7,362,089 7,362,059 3405066
20780 31.067
7,380,502 7.380,502 3,300,065
=20°C(2 31,763
f.7334597 67334597 3,062,067
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Table 3. List of all genes with fitness index0.3 under any one condition (Portion of table shown, detail table in CD)
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Table 4.

Gene Average Fitness Index
(4°C) (-20°C)

csdA 1.05 1.08
clpB 0.88 0.91
pnp 1.02 1.45
rpoS 0.21 1.42
katG 0.63 0.64
prop 0.89 0.69
otsB 0.81 0.60
uspA 1.30 1.01
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Figure 1
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Figure 2.

M Sample
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Figure 3
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Figure 4
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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Figure 9.
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CHAPTER IV

CONCLUSION
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V. CONCLUSION

Recent rapid development of next-generation sequencing (NGS) has tgheration of
complete nucleotide sequences of a large number of genomes. This hasfaitiththallenged
molecular biology concurrently to develop and use high-throughput techriaqdesermine the
function of the genes identified. Many transposon-based whole-genoahgical techniques
have been developed to identify gene functions in bacteria in a hmlgtiput manner. Most of
these approaches are “negative selection” strategies in v pool of diverse mutants are
analyzed to identify mutations that reduce fithess under a particular enemanrhe latest trend
has been the use of whole-genome transposon mutagenesis in combiitatimasgive parallel
sequencing to efficiently analyze bacterial genes requinedriwth and survival at particular
selective condition. In this dissertation (Chapter 1), we describeww version of Tn-seq
method also based on transposon mutagenesis in combination with lllsegjnancing, and
used it with stringent cutoffs to obtain robust fitness profiling ofire genome ofS.
Typhimurium 14028 strain under 3 differentvitro stress conditions namelpw-nutrient, bile-
rich, and high temperature (42°C) environments. The phenotypic chiaraitte of the deletion
mutants along with previous studies on bile acid resistan8alafonellademonstrated that our
Tn-seq method and bioinformatics analysis assessed gene functonstely.We used our Tn-
seq method in conjunction with barcoding strategy and lllumina sequetwiafow high-
resolution functional genome scanning for multiple selection condigbngerest. Our method
is distinct from other methods in that we employed EZ:Tn5 mutagesgstem. The proven
broad-host range of this mutagenesis system along with a ceiatlyeavailable EZ-Tn5"

Transposase (Epicentre BioTechnologies) will make this methdg aesessible and applicable
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to multitudeof bacterial species with appropriate modifications on an antilzasette and its
promoter.

Salmonellais an important human foodborne pathogen. The incidence of food borne
illness caused bgalmonellehas remained unchanged over the last several vyears
andSalmonellas consistently the most common bacterial pathogen in foodborne itasss.
One common strategy being employed to red8eémonellacontamination in post-harvest
poultry production is based on the use of a variety of antimicrobemhidals that do not have a
defined molecular target for inhibition of growth or survivalSaimonella These strategies are
not effective enough to eliminate bacteria from the poultry productsfaoneréhere is a need for
more effective strategy. Development of a new class of ambbials specific to the poultry
environment may be an option if we could identify molecular targetiquely required for
growth or survival during poultry processing and storage. Toeretve made an effort, first of
its kind in chapter lll, to identify genes that are conditionafigential during food storage €4
and -206C using Tn-seq method, which could be molecular targets for fatntienicrobial
development. We were able to identify 42 conditionally essentisdsgeuat of which 36 were
common to both selective conditions. The genes encoding potassium trayspems t(kA,
trkH, sapDandsapB were identified in our study as conditionally essential gendgating the
importance of potassium ions in the survivalSalmonellaat cold temperatures. Based on these
findings, further studies to find natural products that would block thaspimim pathway or
deplete potassium ions could be an efficient means to elim8ateonellafrom food during
cold storage. However, the phenotypic study results obtained from thenigants did not
correlate to the findings of the Tn-seq method. Future study isreequo explain the

discrepancy between the Tn-seq and the mutant phenotype data before the gefied id¢his
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study could be explored as potential targets for contrdbalmonellain poultry processing
environments. The concept described in this study could be extendedrtetahsors unique in
poultry processing environments to accomplish pathway-specific and affective control of

Salmonellan poultry products.

The genes identified in these studies include many putative or htipattgenes or the
genes with unknown functions. Understanding the functions of these gehesoaucts would
reveal variousinknown mechanisms &almonellasurvival and persistence during its life cycle
inside a host or in the surrounding environment. In addition, these genegréat/potentials to
be used as good candidate targets for development of vaccines amhdamowerobials. In
conclusion, our research work has provided a solid platform and powerful gsniowii for the
researchers to design and conduct experiments to understand theigstrich growth and
survival of Salmonellan its host, poultry products as well as other food matricediaaltly to

develop methods to effectively eliminate this pathogen from our foods.
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