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As more whole-genome sequences become available, there is an increasing demand for high-throughput methods that link genes
to phenotypes, facilitating discovery of new gene functions. In this study, we describe a new version of the Tn-seq method involv-
ing a modified EZ:Tn5 transposon for genome-wide and quantitative mapping of all insertions in a complex mutant library uti-
lizing massively parallel Illumina sequencing. This Tn-seq method was applied to a genome-saturating Salmonella enterica sero-
type Typhimurium mutant library recovered from selection under 3 different in vitro growth conditions (diluted Luria-Bertani
[LB] medium, LB medium plus bile acid, and LB medium at 42°C), mimicking some aspects of host stressors. We identified an
overlapping set of 105 protein-coding genes in S. Typhimurium that are conditionally essential under at least one of the above
selective conditions. Competition assays using 4 deletion mutants (pyrD, glnL, recD, and STM14_5307) confirmed the pheno-
types predicted by Tn-seq data, validating the utility of this approach in discovering new gene functions. With continuously in-
creasing sequencing capacity of next generation sequencing technologies, this robust Tn-seq method will aid in revealing unex-
plored genetic determinants and the underlying mechanisms of various biological processes in Salmonella and the other
approximately 70 bacterial species for which EZ:Tn5 mutagenesis has been established.

In recent years, an increasing number of complete genome se-
quences have been becoming available for numerous bacterial

species, mainly due to rapidly developing DNA sequencing tech-
nologies (26). This situation has raised pressing needs for under-
standing the functional significance of the numerous genes iden-
tified or predicted in these complete genomes. Bioinformatics
analyses of the complete genomes have brought significant in-
sights into our understanding of the biological implications of the
genomic contents (18). However, these approaches would pro-
vide little help in assigning functions to the genes with no homol-
ogy to any known genes or predicting the genes responsible for the
phenotypes that have never been explored yet. In this view, exper-
imental approaches to study gene functions are essential tools in
understanding the genome biology of bacteria. Particularly, high-
throughput approaches to study gene functions on a genome-
wide scale are especially attractive in this postgenomic era, with
overwhelming amounts of bacterial genomes to be explored, each
containing thousands of genes.

Several high-throughput methods to study gene functions in
bacteria have been developed using transposon mutagenesis based
on the same framework of negative selection, yet using different
strategies to compare mutant pools before and after selection (2).
More recently, the extension of these strategies has undergone
dramatic improvement in their capacity to determine gene func-
tions in terms of the accuracies in genome mapping of transposon
insertion sites and quantitative measurement of each insertion by
employing next generation sequencing (5, 9, 12, 14, 17, 23, 41).
These methods use different procedures to capture transposon-
junction sequences and sequence them by massively parallel Illu-
mina sequencing to accomplish an in-depth profiling of trans-
poson-junction sequences in a complex mutant library. Although
distinct names have been used, all of these methods can be appro-

priately referred to as different variations of the “Tn-seq” method
(12, 41).

Here, we describe a new version of Tn-seq conveniently tai-
lored to the EZ:Tn5 transposon system, which has been broadly
tested and used in more than 70 bacterial and archaeal species
(http://www.epibio.com/transcite.asp). We applied this Tn-seq
method to conduct genome-wide identification of Salmonella en-
terica serotype Typhimurium genes that are conditionally essen-
tial for growth or survival under the 3 selected in vitro growth
conditions. These conditions include low-nutrient condition, a
bile-rich environment, and body temperature of avian species
(42°C), mimicking some aspects of the conditions in the host Sal-
monella cells are expected to encounter during infection. As a
common human bacterial pathogen, Salmonella has to survive
when it goes through a variety of stress conditions in the environ-
ments and the host during infection (8, 11, 33, 36). Although a
wealth of information on the genetic determinants and the under-
lying mechanisms of stress resistance have been obtained for Sal-
monella, there is no doubt that many gaps still exist in our knowl-
edge and understanding in this area. This is especially true in view
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of the most comprehensive phenomic profiling performed for
Escherichia coli K-12 recently (30).

This study demonstrates the utility and efficiency of this Tn-
seq method for the comprehensive identification of conditionally
essential genes in Salmonella. The genes identified here could be
an important resource for better understanding or control of Sal-
monella, including development of novel antimicrobials and vac-
cines.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The S. Typhimurium 14028
wild-type strain, isogenic deletion mutant strains, and a spontaneous mu-
tant resistant to nalidixic acid (NA) were grown in Luria-Bertani (LB)
medium or LB agar plates and stored at �80°C in 30% glycerol. The
cultures were incubated at 37°C unless described otherwise. Where ap-
propriate, the LB agar plates contained NA (25 �g/ml) or kanamycin
(Km; 50 �g/ml).

Construction of transposon mutant library. The QuikChange site-
directed mutagenesis kit (Agilent Technologies La Jolla, CA) was used to
change one nucleotide of pMOD-6 �KAN-2/MCS� plasmid (Epicentre
BioTechnologies, Madison, WI) in one of the mosaic end (ME) sequences
using the oligonucleotides shown in Table S1 in the supplemental mate-
rial. This introduced the recognition sequence of type IIS enzyme BsmFI
in one ME sequence (Fig. 1A). The nucleotide change A/T¡G/C was
confirmed by DNA sequencing, and the modified plasmid, pMOD-
BsmFI, was used for transposon mutagenesis of the S. Typhimurium
ATCC 14028 wild-type strain. Briefly, pMOD-BsmFI was digested with
PvuII enzyme, and the 1,116-bp fragment of the modified EZ:Tn5 (EZ:

Tn5-BsmFI) was extracted from agarose gel using the QIAquick gel ex-
traction kit (Qiagen, Valencia, CA), avoiding exposure of the fragment to
UV light. EZ:Tn5-BsmFI was then incubated with EZ-Tn5 transposase
(Epicentre BioTechnologies) to form a transposon complex according to
the instruction manual. Two microliters of the complex was subsequently
used to transform electrocompetent S. Typhimurium 14028 wild-type
cells by electroporation. Km-resistant (Kmr) transformants were selected
on LB plates supplemented with Km. The resulting mutants were com-
bined to form a complex library of EZ:Tn5-BsmFI mutants containing
approximately 1.6 � 104 mutants. The library was stored at �80°C in 30%
glycerol.

In vitro selection of transposon mutant library. The mutant library
was subjected to selection under 4 different in vitro conditions: LB me-
dium, 10� diluted LB medium (dLB), LB medium supplemented with
5% crude ox bile extract (Sigma; LB-bile), and LB medium incubated at
42°C (LB-42°C). To prepare the inoculum, 1 ml of the library in glycerol
stock was diluted by adding 9 ml of LB medium and incubated at 37°C for
1 h with vigorous shaking (225 rpm). After being washed 3 times with
phosphate-buffered saline (PBS) solution, the library was resuspended in
10 ml LB medium and diluted with LB medium to reach an optical density
at 600 nm (OD600) of �0.9. An aliquot (2 ml) of the inoculum was used as
the input pool. One milliliter of the inoculum (�7.3 � 107 CFU/ml) of the
mutant library was used to inoculate each selection medium (100 ml in a
200-ml Erlenmeyer flask) and incubated at the relevant temperature with
vigorous shaking (225 rpm). After 24 h, 1 ml of the culture was transferred
to the fresh selection medium of the same kind. This selection was re-
peated 3 times to increase the selection sensitivity of the screening. After 3
consecutive selections, 2 ml of the final culture in each selection was col-
lected to be used as the output pools. The cell pellets from one input pool

FIG 1 Schematic diagrams for the Tn-seq method used in this study. (A) A single nucleotide was changed in one mosaic end (ME) of EZ:Tn5 to introduce the
BsmFI recognition site (5=-GGGAC(N)102-3=/3=-CCCTG(N)141-5=). (B) Deep profiling of Tn5-junction sequences by Illumina sequencing.
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and 4 output pools were used to isolate genomic DNA using a DNA
minikit (Qiagen, CA). The quantity and purity of the purified genomic
DNA were measured using a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE).

Sample preparation and Illumina sequencing. Extracted genomic
DNA was digested with BsmFI restriction enzyme (New England BioLabs,
Ipswich, MA) at 65°C for 3 h. After heat inactivation at 80°C for 20 min,
the digested DNA was treated with calf intestinal alkaline phosphatase
(NEB) at 37°C for 1 h to prevent self-ligation in the following ligation step
by incubation for additional 1 h. DNA was then phenol-chloroform ex-
tracted, ethanol precipitated, and dissolved in 10 �l H2O. DNA digests
were subsequently ligated to Tn-seq linker, formed by annealing Tn-seq
linker 1 and 2 oligonucleotides (see Table S1 in the supplemental mate-
rial), by overnight incubation at room temperature. The Tn-seq linker-
ligated samples were subsequently used as templates in PCR using cloned
Pfu DNA polymerase (Agilent Technologies) with one of the 5 bar-coded
Tn5 primers and Tn-seq linker primer (see Table S1). The PCR cycles
consisted of initial denaturation at 94°C for 2 min, 5 cycles of 94°C for 30
s, 55°C for 1 min, and 72°C for 30 s, and 20 cycles of 94°C for 30 s, 62°C for
1 min, and 72°C for 30 s, followed by final extension at 72°C for 10 min.
The amplicon, which was 129 bp long, was PAGE purified and dis-
solved in H2O (see Fig. S1 in the supplemental material). The 5 DNA
samples tagged with different bar codes were mixed with the same
amount based on measurements with a NanoDrop apparatus (Thermo
Fisher Scientific). The final mixed sample was analyzed using an Af-
fymetrix BioAnalyzer to check the quality and sequenced using the
Illumina genome analyzer II at the Institute for Integrative Genome
Biology at the University of California at Riverside.

Analysis of Illumina sequencing data. A computer program was writ-
ten in the Python programming language to perform the following anal-
ysis. (The Python script is available upon request.) First, the sequence
reads obtained from Illumina sequencing were sorted for the reads that
contain a perfect 19-bp modified ME sequence (5=-CTGTCCCTTATAC
ACATCT-3=). Next, the filtered sequences were sorted according to the
6-nucleotide (nt) bar code sequences demanding a perfect match to one of
the 5 bar codes. The transposon-junction sequences were subsequently
extracted from the filtered reads, and the junction sequences 11 to 13 bp
long were selected for further analysis. These selected transposon-junc-
tion sequences were then mapped to the complete genome of S. Typhi-
murium 14028 (20) (accession numbers: chromosome, CP001363.1;
plasmid, CP001362.1) to select the reads that perfectly map to the ge-
nome. Additional filtering was performed to select the reads that map to
the genome only in one locus. The final output data obtained by the
Python script contained the information on the transposon-junction se-
quence, origin (chromosome versus plasmid), genomic coordinate corre-
sponding to EZ:Tn5-BsmFI insertion site, protein-coding gene contain-
ing the insertion within the internal 5 to 80% of the coding region, strand
(positive versus negative 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 step for
chromosome and plasmid data using JMP8 software (SAS, Cary, NC). For
additional filtering, insertions with read counts in the input pool of �10
were eliminated to remove nonspecific background reads. For normaliza-
tion, a normalization factor was calculated according to the formula (Ri/
Ro)/(Si/So), in which the variables represent the total number of sequence
reads (R) and insertion sites (S) detected in the input (i) and output (o)
pools for each output pool (14). The number of sequence reads for each
insertion in each output pool was multiplied by the corresponding nor-
malization factor. After normalization, the insertions in a gene with �3
insertion sites within the internal 5 to 80% of the coding region were
removed. The numbers of all normalized sequence reads within each gene
were subsequently combined for each pool to obtain the total number of
normalized sequence reads originated from each gene. Following this, the
fitness index value was calculated for each gene by dividing the total num-
ber of sequence reads in the output pool by those in the input pool.

Construction of deletion mutants. Single deletion mutants of S.
Typhimurium 14028 carrying a deletion in pyrD, glnL, recD, and
STM14_5307 were constructed with a lambda red recombination sys-
tem by the method described by Cox et al. (6), using pKD13 (7) as the
template for amplification of the Kmr cassette and the oligonucleotides
shown in Table S1 in the supplemental material. After confirmation by
DNA sequencing, the deletions were transferred to the fresh wild-type
background by P22 transduction followed by selection on LB agar
plates supplemented with Km. The final Kmr strains were purified on
EBU plates to obtain phage-free colonies for further analysis.

Competition assays. Each deletion mutant (�pyrD, �glnL, �recD,
and �STM14-5307) was competed against NAr wild-type strain in the
control (LB-37°C) or appropriate test conditions (dLB-37°C for �pyrD
�glnL; LB-42°C for �recD or �STM14_5307). Briefly, 100 �l of the inoc-
ulum consisting of equal volumes of the overnight cultures of the wild
type and a mutant was used to inoculate 100 ml of LB medium (control)
or appropriate test medium in a 200-ml Erlenmeyer flask. The culture was
incubated at the indicated temperature with vigorous shaking (225 rpm).
After 24 h, 1 ml of the culture was transferred to the fresh medium and 0.1
ml of the culture was used for dilution and plating on LB agar plates (NA)
and LB agar plates (Km) for selective counting of the wild-type and mu-
tant strains, respectively. The LB agar plates were incubated overnight at
37°C, and the colonies were enumerated. This selection and counting
procedure were repeated every 24 h for up to approximately 4 to 8 days for
different mutants.

RESULTS
Overview of the method. EZ:Tn5 is a Tn5 derivative with modi-
fied inverted repeat (IR) sequences of 19 bp (AGATGTGTATAA
GAGACAG), which was termed mosaic ends (ME). We observed
that this ME region contains DNA sequence (underlined in the
above ME sequence) similar to the recognition sequence of type
IIS restriction enzyme BsmFI (5=-GGGAC(N)102-3=/3=-CCCTG
(N)141-5=), except for one nucleotide (Fig. 1A). Since BsmFI cuts
the site 14 bp away from the recognition site, this enzyme site can
be exploited to extract 12-nt sequences immediately adjacent to
Tn5 insertion sites. If these 12-bp transposon-junction sequences
could be selectively amplified from a mutant library and se-
quenced en mass in a massively parallel manner, the resulting pro-
file would provide information on both the identity and relative
quantity of each insertion in the library. Therefore, we tested if
EZ:Tn5 could still be functional even after the substitution of one
nucleotide (A¡G) in one ME region. We found that the efficiency
of mutagenesis with the modified EZ:Tn5 (EZ:Tn5-BsmFI) as
measured by the number of resulting Kmr colonies was very sim-
ilar to that of the original EZ:Tn5. In repeated transformation
experiments, we routinely obtained approximately 1 � 104 to 3 �
104 mutants of S. Typhimurium 14028 per electroporation.

This would provide an excellent opportunity to use this EZ:
Tn5-BsmFI construct as a powerful tool for deep profiling of com-
plex insertion mutant library via Illumina sequencing, as shown in
Fig. 1B. A genome-saturating library of Tn5 mutants is subjected
to a selection condition of interest, and the mutant pools before
and after the selection can be compared to identify all insertions
exhibiting any significant changes in relative abundance after se-
lection. This analysis will allow identification of bacterial genes
important in various biological processes of interest on a genome-
wide scale. However, the length of the transposon-junction se-
quences extracted by this method will be 12 bp, which may not be
long enough for unambiguous identification of the genomic loca-
tions from which the insertions were originated. To address this
issue, we performed a computer simulation using a custom Py-
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thon script to extract 100,000 short sequences of different lengths
(10 to 20 bp) from random locations in both strands of the com-
plete genome of S. Typhimurium strain 14028. The short se-
quences were subsequently mapped back to the genome to deter-
mine the portion of the sequences that perfectly match to the
genome only in one location (see Fig. S2 in the supplemental ma-
terial). The result shows that approximately 47% of the 12-bp
transposon-junction sequences mapped uniquely to the genome,
suggesting that on average one-half of the transposon-junction
sequences experimentally extracted from a mutant library should
be discarded because they cannot be mapped unambiguously to
one genomic locus. However, we expected that this shortcoming
can be overcome by increasing the size of the mutant library and
the huge number of sequence reads that can be obtained from
Illumina sequencing.

Selection of the mutant library. To test the feasibility and utility
of this method, we used this method for genome-wide identification
of S. Typhimurium genes conditionally essential for fitness under 3
different in vitro conditions. Three selective conditions in this study
were chosen to mimic the low-nutrient condition in infected host
tissues (10� diluted LB medium; dLB), bile-rich intestinal environ-
ment (LB medium plus bile acid; LB-bile), and the elevated body
temperature associated with chickens and other avian species (LB
medium at 42°C; LB-42°C). Our EZ:Tn5-BsmFI mutant library con-
sists of approximately 1.6 � 104 different mutants, and the inoculum
of 1 ml contained approximately 7.3 � 107 cells, indicating each mu-
tant in the library was represented by approximately 4,600 cells. Mu-
tants were transferred 3 times under the same selective conditions to
increase the selection sensitivity. In each transfer during the selection,
the inoculum of 1 ml contained approximately 108 to 109 cells, de-
pending on the selective conditions, indicating each mutant is well
represented by a sufficient number of cells in the inoculum. The final
output pool of 2 ml also contained enough cells to represent all sur-
viving mutants at the end of the final selection. We also included LB
medium incubated at 37°C as a control condition to identify the
genes that are essential for fitness under an optimal growth condition.
Since we are interested in the genes uniquely essential under the 3
selective conditions of interest, the genes identified under the control
condition were removed from those identified under each of 3 selec-
tive conditions.

Analysis of Illumina sequencing data. The summary of the
Illumina sequencing data and its analysis is shown in Table S2 in
the supplemental material. Among the total of 23,141,540 se-
quence reads obtained from a single flow cell lane, 76%
(17,490,113 reads) contained the complete 19-bp ME sequence.
Among these reads, 15,893,768 reads (91%) contained the com-
plete 6-bp bar code sequences perfectly matching one of the 5
bar codes. When these reads were sorted according to the bar
code, we obtained a relatively even distribution across different
bar codes: 2,374,190 (ATCACG; input), 2,859,671 (CGATGT;
LB), 2,652,543 (TTAGGC; dLB), 4,382,503 (TGACCA; LB-
bile), and 3,624,861 (ACAGTG; LB-42°C) reads. The trans-
poson-junction sequences were subsequently extracted from
the reads for each bar code. As expected, the majority (�99%)
of the sequence reads were approximately 11 to13 bp long (see
Table S2 and Fig. S3 in the supplemental material). These 11-
to13-bp sequence reads for each bar code were further filtered for
those that map to the genome at only one genomic locus. Finally,
we obtained 1,204,021, 1,312,302, 1,367,315, 2,249,816, and
1,554,249 reads for each bar code, which corresponds to approx-

imately 49% of the total number of the transposon-junction se-
quences of 11 to 13 bp for each bar code.

The normalization factors for the output pools were 0.94 (LB),
0.89 (dLB), 0.57 (LB-bile), and 0.80 (LB-42°C) for chromosome
and 0.55 (LB), 0.61 (dLB), 0.23 (LB-bile), and 0.49 (LB-42°C) for
plasmid. When the reads for all insertions in each gene were com-
bined, we obtained the data set for 3,806 and 90 protein-coding
genes for chromosome and plasmid, respectively. To obtain a
more robust and reliable result, the genes that contained less than
3 insertions were removed, resulting in totals of 1,879 and 52
coding genes for the chromosome and plasmid, respectively. For
all of the genes included in the final data set, each gene contained
8.8 and 9.1 authentic insertion sites on average on the chromo-
some and plasmid, respectively. We also determined the repro-
ducibility of Tn-seq profiling using two biological replicates.
When the data were processed separately for the chromosome and
plasmid, we obtained very high levels of reproducibility for both
the chromosome (R2 � 0.99) and plasmid (R2 � 0.99) (see Fig. S4
in the supplemental material). As the level of genome saturation
by insertions in this final data set was not sufficiently high, we did
not investigate in vitro essential genes (16, 19) but focused on
conditionally essential genes in this study.

Identification of conditionally essential genes. Among the
1,931 (1,879 	 52) genes, the genes conditionally essential for
each selective condition were first selected by a cutoff fitness index
of �0.2, which indicates at least a 5-fold reduction in relative
abundance during selection. The genes selected by this criterion
are expected to exhibit a strong fitness defect under each condi-
tion. When the mutants were selected in LB medium, which was
used as a reference condition for optimal growth, a total of 32
genes were identified, as required for optimal in vitro fitness. These
genes should be distinguished from essential genes because the
mutants with insertions in the essential genes cannot be recovered
by definition of the essential genes. However, the insertion mu-
tants in these 32 genes were recovered and were well represented
in the input pool. Therefore, these genes should be considered
dispensable for growth or survival, yet contribute to optimal
growth at 37°C in LB medium.

The result in Fig. 2 gives a clear overview of the genome-wide
fitness profile of Salmonella mutants. We obtained 39, 61, and 56
genes required for fitness in under the dLB, LB-bile, and LB-42°C
conditions, respectively (Fig. 3A). There were many genes essen-
tial for fitness under more than one condition, and many genes
were also shown to be essential for general fitness under the opti-
mal growth condition (LB at 37°C; numbers shown in parentheses
in Fig. 3A). In total, 105 genes conditionally essential under either
one of the selective conditions were identified (Fig. 3A; for the list
of the genes, see Table S3 in the supplemental material). All of the
105 genes identified were chromosomal genes, and none of them
was located on the plasmid.

To obtain insights into functional trends associated with each
condition, we assigned the identified genes to functional (cluster
of orthologous groups [COG]) categories (38) using the BLAST
on Orthologous Groups (BLASTO) algorithm (44) (Fig. 3B). Not
surprisingly, the in vitro essential genes (LB medium) were most
prominently enriched in COG categories K (transcription), M
(cell wall/membrane/envelope biogenesis), and C (energy pro-
duction and conversion). The genes essential for fitness in dLB
exhibited a similar trend, except that category K was not enriched
while category M was further enriched to represent 25% of all
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genes identified. In LB-bile, the genes required for fitness were
significantly biased toward cell wall/membrane/envelope biogen-
esis (category M). This result corroborates well with previous
findings that lipopolysaccharide (LPS) biosynthesis and mem-
brane integrity are critical in bile resistance of Salmonella (23, 31).

There are 48 (61 � 13) genes identified as conditionally essen-
tial for fitness in the presence of bile salts. Bile resistance has been
studied in depth, and extensive mutant screenings have revealed a
comprehensive list of genes required for bile resistance in S. Ty-
phimurium (25, 31, 42), S. enterica serotype Typhi (23, 42), and
Escherichia coli (30). Notably, 38 out of the 48 genes identified in
this study were previously implicated in bile resistance in Salmo-
nella species or E. coli. This result validates our experimental and
bioinformatics approaches to identify conditionally essential
genes. The remaining 10 genes newly identified in this study may
reflect the differences in the sensitivities of the screening and se-
lection conditions between the experiments.

Phenotypic characterization of deletion mutants. To further
verify the results of the Tn-seq screening, we sought to character-
ize the functions of additional genes that were identified in this
study, which have not been previously linked to the phenotypes.
We chose 2 genes, pyrD and glnL, encoding dihydroorotate dehy-
drogenase and nitrogen regulation protein, respectively, among
the 39 genes identified in dLB medium. The deletion mutants were
analyzed for growth patterns in LB medium (control condition)
and dLB medium. Unexpectedly, the �pyrD mutant demon-
strated a slight growth defect in both LB and dLB media compared
to the wild type (see Fig. S5 in the supplemental material). Con-
versely, �glnL exhibited a slight growth defect only in LB medium

(see Fig. S5). The reason why the growth phenotypes did not ac-
curately reflect those predicted from Tn-seq data could be due to
the differences in the assay conditions. Initially the negative selec-
tion of mutants was performed through competition within the
complex mutant library. Therefore, in order to more closely
mimic the conditions under which the mutants were selected, we
characterized the 2 mutants using competition assays in which
each mutant was competed against the wild-type strain. As ex-
pected, both �pyrD and �glnL mutants exhibited a severe com-
petitive disadvantage in dLB medium, but not in LB medium (Fig.
4A and B, respectively).

Additionally, two genes, recD and STM14_5307, encoding the
exonuclease V subunit and putative transcriptional regulator, re-
spectively, were chosen from the genes identified in LB-42°C, and
the deletion mutants were subjected to competition assays. The
�recD mutant showed a slight competitive disadvantage at 37°C
but a more obvious disadvantage during competition at 42°C (Fig.
4C). In the case of the �STM14_5307 mutant, the mutant dem-
onstrated a clear competitive disadvantage even at 37°C (Fig. 4D),
yet a more severe competitive disadvantage was observed at 42°C
(day 7 in Fig. 4D).

To determine the accuracy of fitness measurement inferred by
the Tn-seq profiles, we compared the fitness indices obtained by
Tn-seq data and competition assay for each gene. As shown in Fig.
5, Tn-seq data were able to predict the fitness of each mutant strain
with high levels of accuracy.

Insertions in the conditionally essential genes are not lethal.
We analyzed our data in comparison with those from in vitro
metabolic reconstruction (MR) modeling (10). A metabolic re-

FIG 2 Identification of the genes conditionally essential for fitness under 3 different selective conditions: dLB, LB-bile, and LB-42°C. Genome-wide view of the
fitness index�1 (� 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 selective conditions. The fitness index�1 was used for the y axis (instead of the fitness index) for better
visualization of mutants with a fitness defect, as indicated by the high peaks. The cutoff line of 5 (� 0.2�1) used in this study to determine the fitness defect is
shown (dashed lines). The genes selected in this study for further mutant characterization are shown by arrows.
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construction breaks down all known metabolic pathways in the
cell into their respective reactions and enzymes and analyzes them
within the perspective of the entire system. One such MR recently
reported on Salmonella Typhimurium LT2 (39) predicted 144
genes lethal for growth or survival in LB media. We found that the
21 genes out of the 105 genes identified in our study were also
listed as lethal genes. However, construction of deletion mutants
has been reported previously for at least 12 of those 21 genes (13,
21, 22, 37, 43), suggesting that the prediction of lethal genes by this
MR is not accurate. The nonessential nature of the 105 condition-
ally essential genes identified in this study is also supported by
additional experimental evidence by Langridge et al. (23), in
which 356 essential genes were discovered in S. Typhi with high
confidence using 1.1 million random Tn5 insertions in the ge-
nome. Among the 105 genes identified in our study, only two

genes (icdA and pssA) were reported as essential, and 29 genes
were classified as advantageous for growth in LB medium (23).

Biological roles of the identified conditionally essential
genes during host infection. As an important bacterial pathogen
with a battery of genetic tools available, S. Typhimurium has been
used commonly as a model organism to study bacterial pathogen-
esis. Consequently, a large quantity of “omics” (genomics, tran-
scriptomics, and proteomics) data has been accumulated for S.
Typhimurium and other related serotypes (15). Particularly, a
large portion of those studies have been conducted in the context
of host-pathogen interactions. In order to gain deeper insights
into the biological implications of the genes identified in this
study, we analyzed them in light of those data. We found the
results obtained from comprehensive functional profiling of mu-
tant libraries (random insertions or targeted deletions) obtained
using animal infection models would be particularly useful in
shedding light on the roles of the genes and their products during
host infection. These large-scale high-throughput screenings of
Salmonella mutants have provided almost saturating lists of the
Salmonella genes essential for in vivo infection using different
mouse infection models (3, 4, 24, 34). For a large portion of these
in vivo essential genes, however, the biochemical bases for atten-
uation of the mutants are unknown. Our study revealed compre-
hensive sets of conditionally essential genes with relevance to
stress resistance during host infection. Therefore, the comparison
of our data with the existing functional profiling data would pro-
vide the biological basis for the requirement of at least a subset of
the genes essential for in vivo infection.

For each of the 105 genes identified as conditionally essential in
this study, we determined if they have been previously identified
as essential for in vivo fitness during infection in animal models
(mouse or chicken). One requirement for a gene to have a role for
in vivo fitness is that the protein encoded by the gene should be
expressed in vivo. Therefore, we also used the comprehensive in
vivo proteomics data of S. Typhimurium obtained using both sys-
temic and enteric infection models of mice to determine if protein
encoded by each of the 105 genes was expressed in vivo during
infection in the mouse (1). However, no in vivo protein expression
data are available for chickens. The summary of the functional
information and proteome data is shown in Fig. 6 (see Tables S3 to
S6 for more details).

The low-nutrient condition reflected in dLB medium is en-
countered by Salmonella cells when they are present inside mac-
rophage vacuoles during systemic infection (11). Out of 24 genes
essential for fitness in dLB, 19 genes were shown to be essential for
in vivo fitness during a systemic infection in the mouse, among
which in vivo protein expression during systemic infection was
detected for 14 genes (Fig. 6A; see Table S4 in the supplemental
material). Five proteins previously shown to be required for in
vivo survival during systemic infection in mice (RecG, GlnL,
LepA, RfaQ, and ZntA) were not detected in vivo, probably due to
the limited amount and high complexity of the sample (1). Two
proteins among the 16 proteins detected in vivo (Pnp and OmpA)
are not required for fitness during systemic infection. This analysis
suggests that the 19 genes were required for in vivo fitness during
systemic infection in mice due to their requirements for fitness
under the low-nutrient condition. However, none of the 24 genes
was shown to be important during systemic infection in chickens
(Fig. 6B). This reflects the fact that all large-scale mutant screen-
ings have been performed with the mouse systemic infection

FIG 3 Conditionally essential genes. (A) The genes identified as conditionally
essential for fitness under each of the three selective conditions. The numbers
of genes that are also essential for optimal fitness in LB medium are shown in
parentheses. There were 8 additional genes essential for fitness in LB medium,
but dispensable for fitness under all 3 selective conditions. (B) Functional
classification of the identified genes.
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model, and the number of mutants screened in chickens is very
limited (35, 40).

In case of LB-bile, Salmonella should encounter bile stress in
the intestinal tract of the host during enteric infection (11). In the
mouse enteric infection model, 25 genes out of the total of 48
genes required for bile resistance in vitro were shown to be ex-
pressed from the cecal samples of the infected mouse (Fig. 6C; see
Table S5 in the supplemental material). Among the 25 gene’s pro-
teins, 5 (RfaL, RfaJ, RfaI, Rfc, and RfbP) were shown to be impor-
tant for in vivo fitness. Interestingly, all of these 5 proteins are
involved in biosynthesis of lipopolysaccharide core and O-antigen
(22). The remaining 20 genes have not been linked to enteric in-
fection in the mouse, which probably reflects the lack of compre-
hensive screening conducted with enteric infection model of the
mouse due to the technical difficulty associated with the bottle-
neck existing in the enteric infection model. However, the fact that
these 20 genes are both expressed in vivo and required for bile
resistance in vitro strongly suggests that these genes play roles in
efficient colonization in the intestinal tract via conferring resistance to
bile. Interestingly, 12 of the 48 genes were shown to be important for
cecal colonization during chicken infection (Fig. 6D). Nine of the 12
genes (acrB, rfbN, rfbD, rfbB, tolC, rfbI, rfbK, rbsK, and rfbP) were
shown to be expressed in vivo in the mouse enteric infection model,

FIG 4 Competition between the wild type and each of the �pyrD, �glnL, �recD, and �STM14_5307 mutants. For the competition assay, the wild type and each
deletion mutant were mixed in a 1:1 ratio and inoculated into 2 different culture conditions (control versus the relevant test condition indicated). The cultures
were diluted into respective selective conditions every 24 h for up to 4 to 8 days. The cell numbers were determined for the wild-type (NAr) and mutant (Kmr)
cells each day using LB plates supplemented with the appropriate antibiotics. (A) �pyrD (LB versus dLB); (B) �glnL (LB versus dLB); (C) �recD (LB at 37°C
versus 42°C); and (D) �STM14_5307 (LB at 37°C versus 42°C).

FIG 5 Comparison of the fitness indices obtained by Tn-seq data (see Table S3
in the supplemental material) and a competition assay (CA) for the �pyrD,
�glnL, �recD, and �STM14_5307 mutants. The comparison was made for 2
different culture conditions (control versus relevant test condition indicated)
for each mutant. The results of the competition assay (n � 3) were obtained at
day 4 (�pyrD, �glnL, and �recD) or 7 (�STM14-5307).
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yet only one of them (rfbP) has been functionally linked to the mouse
enteric infection model (see Table S5).

The elevated temperature of 42°C is the body temperature of
avian species, including chickens. Therefore, any mutant with a
fitness defect at 42°C is very likely to be attenuated during infec-
tion in a chicken. Among the 40 genes identified as essential for
fitness at 42°C in this study, only 2 genes were previously impli-
cated with an in vivo fitness defect during chicken infection (Fig.
6E; see Table S6 in the supplemental material). The result suggests
that these 2 genes, rfaY and rfbP, are required for infection in
chicken through their requirements for fitness at 42°C. However,
one of the proteins (RfbP) is also required for both systemic and
enteric infection in the mouse, whose body temperature is 37°C,
which indicates that there is another mechanism(s) underlying
the attenuation of the mutants during host infection (see Table
S6). For example, the fitness indices for the rfbP gene were 0.45
and 0.01 for dLB and LB-bile, respectively, indicating that this
gene is also required for fitness under low-nutrient conditions
(although the fitness index was �0.2) and bile-rich environments.

DISCUSSION

In this study, we described a new version of Tn-seq method and
used it with stringent cutoffs to obtain robust fitness profiling
of the entire genome of S. Typhimurium strain 14028 under 3
different in vitro stress conditions, including low-nutrient,
bile-rich, and high-temperature (42°C) environments. The
phenotype characterization of the 4 deletion mutants along

with previous studies on bile acid resistance of Salmonella dem-
onstrated that our Tn-seq method and bioinformatics analysis
assessed gene functions accurately.

This method as a variation on existing Tn-seq methods is based
on the use of the modified EZ:Tn5 transposon that carries the
recognition site of type IIS enzyme BsmFI on one ME sequence to
allow straightforward and robust extraction of Tn5-junction se-
quences of the identical length of 12 nt from a complex mutant
library. We used our Tn-seq method in conjunction with a bar
coding strategy and Illumina sequencing to allow high-resolution
functional genome scanning for multiple selective conditions of
interest.

There are other existing methods for comprehensive func-
tional screening of a transposon mutant library with the aid of
next generation sequencing (5, 9, 12, 14, 17, 23, 41). Our method
is distinct from other methods in that we employed the EZ:Tn5
mutagenesis system. The proven broad host range of this mu-
tagenesis system along with a commercially available EZ-Tn5
transposase (Epicentre BioTechnologies) will make this method
easily accessible and applicable to variety of bacterial species with
appropriate modifications on an antibiotic cassette and its pro-
moter. The EZ:Tn5 system was also used in the method developed
by Langridge et al. (23), and the strategies developed by Gawron-
ski et al. (14), Gallagher et al. (12), Eckert et al. (9), and Christen et
al. (5) should be applicable to the EZ:Tn5 system with appropriate
modifications. However, our Tn-seq method is technically more
simple and straightforward than other methods involving me-
chanical shearing and fractionation of DNA fragments (9, 12, 14,
23). In addition, the uniform length of PCR amplicons obtained
by our protocol provides an efficient means to remove fragments
resulting from a possible aberrant PCR.

One drawback of our method is the relatively short length of
the transposon-junction sequences, which made it necessary to
discard approximately one-half of the transposon-junction se-
quences mapped to the genome. However, increasing the number
of mutants in the library along with more sequencing reads would
eventually overcome this problem. Particularly with rapidly in-
creasing sequencing capacity of next generation sequencing tech-
nologies, this will become a negligible issue (29).

We also demonstrate for the first time that this Tn-seq ap-
proach could be used in conjunction with bar codes to analyze
multiple samples simultaneously. This approach will allow high-
resolution functional screening of a bacterial genome for multiple
selective conditions of interest, opening the door for multidimen-
sional comprehensive understanding of bacterial gene functions.

In this study, we modified the DNA sequence of plasmid
pMOD-6 �KAN-2/MCS� to obtain the EZ:Tn5-BsmFI frag-
ment. Alternatively, EZ:Tn5-BsmFI could be prepared by ampli-
fying the template plasmid pMOD-6 �KAN-2/MCS� or any
other derivative plasmids using a pair of primers corresponding to
the ME sequences where one of the primers contains one nucleo-
tide change to introduce the BsmFI site into the ME region (un-
published data). This can simplify the procedure by eliminating
the step for site-directed mutagenesis.

We have identified 105 genes conditionally essential for fitness
under 3 different conditions reflecting stressors Salmonella would
encounter during survival in the environments and infected hosts.
We examined the biological significance of these genes during
host infection by analyzing the data in light of currently available
mutant fitness data and proteomics data obtained from animal

FIG 6 In vivo functions of the gene products during animal infection. Among
the genes conditionally required for fitness under each selective condition, the
numbers of the genes required for in vivo fitness during animal infection
(mouse versus chicken) through 2 different infection routes (systemic versus
enteric infection) are indicated. The numbers of the genes that produce pro-
teins in vivo are also indicated for the mouse infection model using the 2
different routes of infection. The genes also essential for fitness in LB medium
were not included in the numbers of the conditionally essential genes.
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infection studies. Through this analysis, we assigned biological
bases for in vivo requirements of the proteins for all 58 genes
among the 105 genes identified in this study. This process resem-
bles virulence-attenuated pool (VAP) screening using signature-
tagged mutagenesis (STM), which is performed with a subset of
the original mutants shown to be attenuated in vivo to reveal roles
that the identified factors play in the infection process (27, 28). For
VAP screening based on STM, the need to reduce the pool for
further screening came from the limited (�96) number of mu-
tants that can be screened simultaneously by STM. However, the
global scale and cost-effectiveness of the Tn-seq method eliminate
the need to prepare a smaller size of VAP for secondary screening
under various stress conditions. Instead, a complex library of
transposon mutants could be screened simultaneously or one at a
time under multiple conditions, including animal infection and
other host-associated stressors. If this approach is used in an ani-
mal infection model in conjunction with screenings for a variety
of virulence-associated phenotypes representative of all known
host barriers to overcome for successful infection, it is expected to
provide a wealth of functional information for most of the in vivo
essential factors.

The genes identified in this study include many putative or
hypothetical genes or genes with unknown functions. Under-
standing the functions of these genes and products is expected to
reveal unknown mechanisms of Salmonella survival and persis-
tence during its life cycle. In addition, these genes have great po-
tentials to be used as good candidate targets for development of
vaccines and novel antimicrobials. The mutants with deletions in
some of those genes that would still allow in vivo survival, yet at
appropriately reduced levels, could be very effective in eliciting an
adaptive immune response in the host, while they are likely be
cleared from the host faster than the wild-type strain. It would be
interesting to test the S. Typhimurium mutant with reduced fit-
ness at 42°C as an attenuated live vaccine for poultry.

With the rapidly increasing sequencing capacity of the 2nd
generation sequencing technologies (29) and the emergence of
3rd generation sequencing methods with even greater potential
(32), our Tn-seq method will allow exploration and comprehen-
sive understanding of the functional implications of genetic ele-
ments (both coding and noncoding genes) at increasingly higher
resolutions for a variety of biological contexts (5).
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