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Francisella tularensis subverts the immune system to rapidly grow
within mammalian hosts, often causing tularemia, a fatal disease. This
pathogen targets the cytosol of macrophages where it replicates by
using the genes encoded in the Francisella pathogenicity island.
However, the bacteria are recognized in the cytosol by the host’s
ASC/caspase-1 pathway, which is essential for host defense, and leads
to macrophage cell death and proinflammatory cytokine production.
We used a microarray-based negative selection screen to identify
Francisella genes that contribute to growth and/or survival in mice.
The screen identified many known virulence factors including all of
the Francisella pathogenicity island genes, LPS O-antigen synthetic
genes, and capsule synthetic genes. We also identified 44 previously
unidentified genes that were required for Francisella virulence in vivo,
indicating that this pathogen may use uncharacterized mechanisms to
cause disease. Among these, we discovered a class of Francisella
virulence genes that are essential for growth and survival in vivo but
do not play a role in intracellular replication within macrophages.
Instead, these genes modulate the host ASC/caspase-1 pathway, a
previously unidentified mechanism of Francisella pathogenesis. This
finding indicates that the elucidation of the molecular mechanisms
used by other uncharacterized genes identified in our screen will
increase our understanding of the ways in which bacterial pathogens
subvert the immune system.

macrophage � pathogenesis � ASC � caspase-1

F rancisella tularensis is a highly infectious, Gram-negative
bacterial pathogen that causes the disease tularemia (1).

Human infection with F. tularensis usually occurs through cuta-
neous inoculation after an insect bite or an abrasion. The
bacteria evade the host immune system and grow in the cytosol
of macrophages. They spread from the site of infection to the
regional lymph nodes, causing lymphadenopathy, and dissemi-
nate systemically to the spleen, liver, and lungs, where they
rapidly grow and overwhelm the host’s immune defenses.

F. tularensis subsp. tularensis is the most virulent subspecies of
Francisella and is found throughout North America and in parts
of Europe. F. tularensis subsp. novicida can cause severe disease
in immunocompromised humans but rarely does so in immuno-
competent individuals. However, F. novicida shares the same
families of virulence genes as F. tularensis, causes a similar
disease in mice (2), and thereby serves as a good experimental
model with which to study Francisella pathogenesis.

Francisella inhibits the host’s protective NF-�B response and
proinflammatory signaling after infecting unactivated macro-
phages (3). Phagocytosed bacteria escape the phagosome before
phagosome/lysosome fusion and subsequently replicate in the
cytosol (4–7). In activated macrophages, however, the ability of
Francisella to escape the phagosome and replicate in the cytosol
correlates with the activation of the inflammasome, which
contains the host proteins ASC and caspase-1. Inflammasome
activation is critical for host defense and leads to the induction
of cell death in infected cells and the concomitant release of the
proinflammatory cytokines IL-1� and IL-18 (8, 9). These re-
sponses may function to limit Francisella’s intracellular growth
niche and activate the powerful host innate immune system.

Some of the genes Francisella uses to cause disease are known,
including the genes in the Francisella pathogenicity island (FPI),
which are essential for intracellular replication and the induction
of cell death in macrophages as well as for bacterial growth in
mice (10–15). The transcription factor MglA regulates all of the
genes in the FPI and is also required for replication in macro-
phages and mice (10, 15, 16). However, the genes required for
many other aspects of Francisella pathogenesis (spread from
peripheral to systemic sites, phagosome escape within host cells)
remain unknown.

Genetic screens are often very effective at identifying viru-
lence factors of bacterial pathogens in vivo. Signature-tagged
mutagenesis (STM) identified the Salmonella pathogenicity
island SPI2, which is essential for virulence (17). A recently
developed microarray-based negative-selection technique called
transposon site hybridization (TraSH) or microarray tracking of
transposon mutants (MATT) was used to identify virulence
factors in Mycobacterium, Salmonella, and Helicobacter (18–20).

Here, we use a microarray-based negative selection technique
to identify 164 genes required for F. novicida growth and survival
in a mouse model of infection. The screen identified almost all
of the known Francisella virulence genes including FPI genes,
LPS O-antigen, and capsule biosynthetic genes. We identified
genes including a previously uncharacterized class of Francisella
virulence factors that we show suppress a host innate immune
defense pathway. The genes identified in our screen will serve as
a foundation with which to unravel virulence strategies of
bacterial pathogens.

Results
Construction of a F. novicida Transposon Insertion Library. We con-
structed a transposon insertion library of 12,600 F. novicida
mutants, which represents �7� coverage of the genome. We
used a Tn5-based transposon (21) containing T7 promoters
facing outwards at each end of the transposon to facilitate the
use of the library in a microarray-based negative-selection
screen. The promoter driving the constitutively expressed omp26
gene from F. novicida was used to ensure high expression of the
kanamycin resistance cassette within the transposon (21). The
presence of only one transposon insertion per clone was verified
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by Southern blot (data not shown). These results are in agree-
ment with those of Gallagher et al. (21).

Francisella Encounters a Bottleneck for Systemic Spread After s.c.
Infection. To identify genes involved in Francisella pathogenesis,
we performed an in vivo negative selection screen. Mice were
injected s.c. with 2 � 105 cfu of the transposon insertion library
to mimic the most common route of infection through the skin.
Genomic DNA was collected from the input bacteria as well as
the bacteria harvested from the spleens of five mice at 48 h after
infection, digested, and used to generate probes for hybridization
to our Francisella microarray (15). Similar to previous experi-
ments using wild-type bacteria, an average of 5.2 � 106 cfu (or
�108cfu/g of spleen) were present per spleen (8). However, we
found that only a very limited repertoire of transposon mutants
was isolated from the spleen of each mouse [see supporting
information (SI) Fig. 5]. Furthermore, this repertoire of clones
was different in each mouse, suggesting that the presence of any
given clone in the spleen was a random event and not due to a
selective pressure. There is, in effect, a ‘‘bottleneck’’ in the
passage of Francisella from the skin to systemic sites such as the
spleen, which prevents the use of negative selection techniques
following this route of infection.

Negative Selection of Mutants in the Spleen After i.p. Infection. To
circumvent this bottleneck and determine which genes are
required for bacterial replication and survival at systemic sites,
we infected mice i.p. with the transposon insertion library. Two
separate experiments were performed in which the bacteria
surviving in the spleens of five mice, 48 h after infection were
pooled and compared with bacteria in the input sample taken at
the time of infection. Significance analysis of microarrays
(SAM), a rigorous statistical test, was used to analyze the
microarray data (22). We determined that transposon insertion
mutants representing 164 genes (�9% of the genome) were
present in the input pool but absent from the spleens of infected
mice in both experiments (SI Table 1). We refer to these genes
as negatively selected genes.

The negative selection method we used here identified all the
genes within the FPI, expected metabolic genes, and genes
known to be involved in the virulence of other pathogens. We
believe these results validate the sensitivity and utility of this
genetic screen (Fig. 1 and SI Table 1). Genes involved in
metabolism (purine/pyrimidine synthesis, biotin synthesis, and
amino acid transport), the stress response (FTT0356/htpG) and
genes contributing to the outer surface of the bacteria (capsule
and LPS O-antigen synthesis) were identified as being required
for Francisella growth and survival in vivo. Genes encoding
histidine kinases (FTT0094c/qseC and FTT1736c/kdpD), which
may be parts of two-component gene regulatory systems and
which were not previously known to play a role in Francisella
virulence, were identified. Perhaps of most interest, 44 genes of
unknown function or without known orthologs in other micro-
organisms were negatively selected. These may include classes of
virulence genes that participate in previously uncharacterized
mechanisms of bacterial pathogenesis.

In Vivo Validation of Negatively Selected Genes. We used SAM to
determine which genes were most significantly negatively se-
lected and chose several of these to study, with special emphasis
on the genes of unknown function. We made targeted mutants
of FTT0398c, FTT0584, and FTT1048c (genes with no charac-
terized orthologs), FTT0748 (homology to the IclR family of
transcriptional regulators), mutants in known genes including
htpG (stress response), FTT0798 (outer surface/capsule produc-
tion), and the entire FPI (replication in macrophages). None of
the targeted mutants had growth defects in rich broth as
compared with the wild-type strain (data not shown) and we

verified the deletion of the targeted gene by PCR (SI Fig. 6) and
sequencing of the PCR product. We performed competition
experiments in which mice were infected s.c. (Fig. 2) or via the
i.p. route (SI Fig. 7) with a 1:1 mixture of wild-type strain U112
and one of the mutant strains. Forty-eight hours after infection,
the spleens were collected, and the number of wild-type and
mutant bacteria in each sample was enumerated.

The FPI deletion strain was highly attenuated in mice, similar
to mutants in individual FPI genes, which are unable to replicate
in macrophages (Fig. 2) (4, 10–13, 15). The FTT0798 (capsule
production) mutant was between 10- and 100-fold less virulent
compared with wild-type bacteria, a milder phenotype than that
of the FPI mutant. This suggests that, similar to other bacterial
pathogens and in agreement with the results of Sandstrom et al.
(23), the presence of a capsule is important for Francisella
virulence.

The htpG (heat shock protein) mutant was strongly attenuated
in the spleen (�1,000-fold) (Fig. 2). In contrast, a mutant in a
heat shock protein gene that was not negatively selected, hspX,
colonized the spleen of mice similarly to wild-type bacteria. This
suggests that specific, but not all, stress response proteins are
necessary for Francisella pathogenesis.

The FTT0398c and FTT1048c (unknown function) mutants
were mildly attenuated (Fig. 2). In contrast, the FTT0748 (IclR
family) mutant was strongly attenuated in the spleen (�1,000-
fold). The FTT0584 (unknown function) mutant was severely
attenuated (�5 logs) in the spleen, similar to the phenotype of
the FPI mutant (Fig. 2). The severity of the phenotype of the
FTT0584 mutant suggests that FTT0584 plays an essential role
in Francisella virulence, apparently as important as the known
requirement of the FPI for macrophage replication.

We decided to focus on the mutants with the most severe

Exp. 1 Exp. 2

Input InputSpleen Spleen

pdpD

iglC
iglD

iglB
iglA

hspX

pdpB

FTT1048c

htpG

FTT0584

FTT0748

FTT0798
FTT0398c

pdpA

FPI genes
cds1

cds3
cds4

cds2
pdpC

cds6
cds5

cds7

cds9
cds8

6.1-
1. 1-
6.0- 0
6.0

+
1.1

+
6.1

+

Fig. 1. Array data for genes targeted in this study. Bacteria surviving in
spleen samples 48 h after infection from two groups of five mice were
collected. The transposon mutants present in each sample were identified by
microarray analysis. Data for a subset of the negatively selected transposon
insertion mutants is shown. Inputs are shown as controls. Blue represents
overabundance of signal compared with the input, and yellow signal repre-
sents absence relative to the input. Multiple rows for a given gene represent
multiple spots on the array.
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attenuation, htpG, FTT0748, and FTT0584 for further charac-
terization. To ensure that the attenuation of each mutant was
due to the deletion of the targeted gene, we complemented the
mutants with a wild-type copy of the respective gene (SI Fig. 6).
We complemented the mutants in cis, rather than in trans, to
ensure that the complementing gene would be retained through-
out the course of the in vivo infection in the absence of antibiotic
selection. Virulence was restored to both the htpG and FTT0748
mutants upon complementation, because equal numbers of
wild-type and complemented bacteria [competitive index (CI) �
1] were present in the spleens of infected mice (Fig. 2). Instead
of complementing the full-length FTT0584 (4.9 kb) mutant, we
complemented a C-terminal mutant (FTT0584�C). The
FTT0584�C mutant had the same dramatic phenotype as the
FTT0584 full-deletion mutant (CI � 10�5; Fig. 2) and regained
virulence when the C-terminal region of the gene was replaced
(Fig. 2).

Taken together, the in vivo results demonstrate the effective-
ness of the genetic screen, because all of the mutants tested were
attenuated. To further understand the roles of htpG, FTT0748,
and FTT0584 in Francisella virulence, we tested the mutants in
in vitro infection experiments in macrophages.

Phenotypes of in Vivo Attenuated Mutants in Macrophage Infections
in Vitro. Macrophages are one of the primary niches for Fran-
cisella replication in the host (1). To determine whether defects
in intracellular replication were the basis for the observed
attenuation of the mutants in mice, we infected bone marrow-
derived macrophages with each mutant and assayed for bacterial
uptake and replication. All the mutants entered macrophages at
similar levels as wild-type bacteria (data not shown). Similar to
the results we obtained in mouse infection studies, the FPI and
htpG mutants exhibited a strong defect in intracellular growth,
whereas the htpG-complemented strain and the hspX mutant
replicated with similar kinetics to the wild-type strain (Fig. 3A).

The FTT0748, FTT0584, and FTT0584�C mutants grew to
wild-type levels in macrophages (Fig. 3A). Therefore, their
dramatic growth/survival defects in the mouse (Fig. 2) do not
appear to be due to an inability to replicate within these cells.
Taken together, our negative selection screen identified at least
two classes of Francisella virulence genes: those in which atten-
uation in animals and reduced intracellular growth in macro-
phages parallel one another (htpG and FPI) and those which
replicate normally in macrophages but are severely attenuated in
the mouse infection model (FTT0748 and FTT0584).

We were surprised to discover that macrophages infected with
the FTT0748, FTT0584, and FTT0584�C mutants began to die
during the course of the replication experiments, a phenomenon
not seen in macrophages infected with wild-type bacteria. We
performed macrophage cytotoxicity experiments to further in-
vestigate this observation.

FTT0748 and FTT0584 Suppress Francisella-Induced Macrophage Cell
Death. Francisella induces cell death in macrophages, which is
more rapid in prestimulated versus unstimulated cells (8, 24). To
measure cell death in the most robust assay, we infected pre-
stimulated macrophages with wild-type or mutant bacteria and
monitored cytotoxicity using the LDH release assay and nuclei
staining with the membrane impermeant dye ethidium ho-
modimer-2 (EthD-2). In agreement with our visual observations
in unstimulated cells, the FTT0748, FTT0584, and FTT0584�C
mutants induced LDH release and cell death much earlier than
the wild-type strain in prestimulated cells (Fig. 3C and SI Fig. 8).
The complemented FTT0748 and FTT0584�C mutants induced
cell death to similar levels as the wild-type strain. The FPI and
htpG mutants did not induce cell death, whereas the htpG
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complemented and hspX mutant strains induced wild-type levels
of cytotoxicity (Fig. 3B).

One explanation for the increased levels of cell death induced
by the FTT0748 and FTT0584 mutants could be that they reach
the macrophage cytosol faster than wild-type bacteria. Fran-
cisella localizes to a LAMP-1� vacuole before escaping into the
cytosol, and colocalization with LAMP-1 can be used to dis-
criminate between vacuolar and cytosolic bacteria (6). Immu-
nofluorescence microscopy revealed that the kinetics of associ-
ation with LAMP-1 was similar for wild-type bacteria and the
FTT0748 and FTT0584 mutants (SI Fig. 9), excluding faster
vacuolar escape as an explanation for the rapid cell death
induced by these mutants.

Thus far, host cell death has been closely linked with bacterial
replication because mutants unable to replicate in macrophages
do not induce cell death and mutants which replicate faster than
wild-type bacteria induce cell death more rapidly (8, 15). The
FTT0748 and FTT0584 mutants are the first Francisella mutants
described that are hypercytotoxic even though they replicate to
similar levels as wild-type bacteria in unstimulated (Fig. 3A) and
prestimulated (data not shown) macrophages. This finding led us
to consider the possibility that this pathogen may possess a
mechanism to suppress macrophage cell death.

Mechanism of Cell Death Induced by FTT0748 and FTT0584 Mutants.
Macrophage cell death induced by Francisella depends on the
host adaptor protein ASC and the cysteine protease caspase-1
(8). To determine whether the rapid cell death induced by the
FTT0748 and FTT0584 mutants was due to activation of the
ASC/caspase-1 pathway, we infected caspase-1�/� and ASC�/�

macrophages with these bacteria. Neither the wild-type nor
either of the mutant bacteria induced cell death in caspase-1�/�

or ASC�/� macrophages, demonstrating that the cell death
induced by the FTT0748 and FTT0584 mutants depends on ASC
and caspase-1 (Fig. 4A).

In addition to their role in signaling for cell death, ASC and
caspase-1 are required for the processing and secretion of the

proinflammatory cytokines IL-1� and IL-18 from macrophages.
The FTT0584 mutant induced IL-1� release from macrophages,
as did the FTT0748 mutant that had an intermediate phenotype
(Fig. 4B). Wild-type bacteria did not induce the release of
measurable amounts of IL-1� at this time point. Wild-type
bacteria induced IL-1� secretion from thioglycollate-elicited
peritoneal macrophages, but the levels induced by the FTT0748
and FTT0584 mutants were markedly higher under these con-
ditions as well (SI Fig. 10). IL-1� release induced by the bacterial
mutants depended on ASC and caspase-1, because macrophages
deficient in these host proteins did not secrete IL-1�. Thus, in
addition to inhibiting macrophage cell death, FTT0748 and
FTT0584 limit the secretion of the proinflammatory cytokine
IL-1�.

Discussion
Francisella is a highly infectious pathogen with the ability to
rapidly grow within mammalian hosts and to subvert the immune
system in numerous ways including growing within macrophages
and dendritic cells and evading killing by neutrophils (25, 26). To
identify genes required for Francisella growth and survival in
vivo, we used a microarray-based negative selection screen. We
identified a diverse set of genes, including 44 previously un-
known genes, that are required for Francisella pathogenesis.
Among these, we discovered a class of Francisella virulence
genes that modulate host defenses.

We initially attempted to perform our genetic screen after s.c.
infection of mice because this route of infection mimics infection
through the skin, the route by which Francisella is most often
acquired by humans. We found that there was a bottleneck in the
passage of Francisella from the skin to the spleen (SI Fig. 5).
Similar bottlenecks have been described for enteric pathogens
(27–29) after an oral route of inoculation, and it will be
interesting to determine the precise nature of this bottleneck in
the future. To bypass the bottleneck, we performed the screen
after i.p. infection, which eliminates the stochastic seeding of
deeper tissues.

We identified 164 genes (�9% of the genome) as being
essential for Francisella growth and survival in vivo (SI Table 1).
All the FPI genes, as well as expected metabolic genes (purine/
pyrimidine synthesis, biotin synthesis, amino acid transport),
were negatively selected, validating the utility of this genetic
screen. Genes involved in capsule (capB/C and FTT0798) and
LPS O-antigen (wbt locus) biosynthesis were identified, in agree-
ment with previous results (23, 30). The recently characterized
Francisella siderophore biosynthetic operon was negatively se-
lected (31), suggesting that, similar to other intracellular patho-
gens, iron scavenging is important for survival and replication of
Francisella in vivo.

Similar to other ‘‘global’’ genetic screening methods, we did
not identify all known Francisella virulence genes. For example,
mglA and mglB, which are required for expression of FPI genes
and Francisella virulence (10, 15, 16) were not identified in our
screen. A closer examination of our data suggests that the
absence of these and other genes that may have been missed by
our screen is likely because of the stringent cutoff used during
our analysis or variability at a small number of spots on our
microarray. Additionally, the absence of some genes could result
from strictly technical reasons such as degradation of a region of
DNA during enzymatic digestion, preventing the generation of
a probe for hybridization to the microarray. Furthermore, some
mutants may be complemented by other ‘‘wild-type’’ clones in
vivo, precluding their identification. Finally, the route of infec-
tion may determine which sets of Francisella virulence genes are
identified. For example, we identified oppB and FTT1209c as
being important for virulence when mice are infected s.c. (15),
but neither of these genes was identified by our i.p. screen, nor
are they important for virulence after i.p. infection (data not
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shown). This suggests that some genes may be required for
growth and survival at peripheral but not systemic sites. Thus,
our estimate of the number of genes required for Francisella
virulence is likely an underestimation of the actual number of
attenuating mutants. Nevertheless, the screen was efficient in
identifying many known and, as we show here, previously
unknown Francisella virulence genes.

We used SAM to determine which genes were most signifi-
cantly negatively selected. We focused on genes with unknown
functions or without characterized orthologs in other bacterial
genomes as well as genes that represented several aspects of
Francisella pathogenesis such as the stress response and produc-
tion of capsule.

Because several capsule genes were negatively selected, we
infected mice with a mutant in FTT0798, a homolog of cpsK from
Streptococcus agalactiae, which is involved in the production of
the capsule (32). FTT0798 was attenuated in vivo (Fig. 2), in
agreement with reports on the importance of the capsule in
Francisella pathogenesis (23). The htpG mutant, lacking a heat
shock protein with homology to the hsp90 chaperone, was
attenuated in vivo and was unable to replicate and induce
cytotoxicity in macrophages (Figs. 2 and 3), in agreement with
a recent study (11). Another heat shock protein gene, hspX,
which was not identified in our screen, was not required for
Francisella virulence in the assays mentioned, demonstrating
that there is specificity as to which stress response genes are
involved in infection.

We made deletion mutants for 4 of the 44 hypothetical genes
that were identified in our screen, all of which were attenuated
after both s.c. and i.p. infection in vivo. Two of the mutants,
FTT0398c and FTT1048c, exhibited relatively minor, albeit
statistically significant, virulence attenuations (Fig. 2). The
FTT0748 mutant was 1,000-fold attenuated as compared with
wild-type bacteria. Similar to the FPI mutant, the FTT0584
mutant was severely attenuated (5 logs) in vivo (Fig. 2). The
severity of the attenuation of the FTT0584 mutant suggests that
FTT0584 is essential for Francisella virulence.

As a first step in determining how FTT0584 contributes to
virulence, we performed in vitro macrophage infection experi-
ments. Interestingly, despite its significant attenuation in vivo,
the FTT0584 mutant replicated similarly to wild-type bacteria in
unactivated (Fig. 3A) and activated (data not shown) macro-
phages. This is in striking contrast to the FPI mutant, which was
unable to replicate in macrophages or in mice. Therefore, despite
the fact that both the FPI and FTT0584 mutants are similarly
attenuated in vivo, they are likely involved in different processes
contributing to Francisella pathogenesis. Similar to the FTT0584
mutant, the FTT0748 mutant was able to replicate in macro-
phages despite being attenuated in vivo. However, it was unclear
how FTT0584 and FTT0748 contribute to Francisella virulence.

Activation of the host ASC/caspase-1 pathway leads to mac-
rophage cell death and release of the proinflammatory cyto-
kines, IL-1� and IL-18. This is an important host defense
response because ASC and caspase-1 knockout mice are ex-
tremely susceptible to Francisella infection (8). Surprisingly,
FTT0584 and FTT0748 mutants induced higher levels of cell
death and IL-1� release from activated macrophages compared
with wild-type bacteria (Figs. 3 and 4). ASC and caspase-1 are
required for cell death and IL-1� release induced by the
FTT0584 and FTT0748 mutants (Fig. 4), demonstrating that
FTT0584 and FTT0748 directly or indirectly prevent the activa-
tion of this host defense pathway. These Francisella virulence
genes were previously undescribed as playing a role in limiting
macrophage cell death and proinflammatory cytokine release
independently of controlling bacterial replication in macro-
phages and may highlight a virulence strategy of Francisella that
acts by modulating ASC/caspase-1 activation. The severity of the

in vivo attenuation of the FTT0584 and FTT0748 mutants
emphasizes the importance of this class of virulence gene.

FTT0584 has limited homology (17% identity, 27% similarity)
to a gene in Wolinella as well as one in Legionella, a pathogen that
also triggers the ASC/caspase-1 pathway (33–35). The predicted
FTT0584 protein does not contain any conserved domains, and
there is some variability in the protein between Francisella
subspecies. FTT0584 from F. tularensis Schu4 is shorter (1,124
aa) than the F. novicida U112 protein (1,629 aa), which has a
�500-aa insertion toward its C terminus. In Francisella holarctica
LVS, FTT0584 is truncated and divided into two orfs. FTT0748
encodes for a protein that has homology to the IclR family of
transcriptional regulators, which have an N-terminal DNA-
binding helix–turn–helix motif and a C-terminal domain that
interacts with regulatory proteins. This gene is highly conserved
among F. tularensis Schu4, F. holarctica LVS, and F. novicida
U112.

We use a genomic-scale negative selection screen to identify
a diverse set of genes required for Francisella virulence in vivo.
We identify two genes, FTT0584 and FTT0748, which are
essential for Francisella pathogenesis and are not required for
bacterial replication in macrophages but, rather, suppress the
host ASC/caspase-1 pathway, which is critical for innate immune
defense. Study of the additional genes identified by our screen
may lead to further advances in understanding mechanisms used
by bacterial pathogens to cause infection and disease and to
subvert or circumvent the host’s immune defenses.

Materials and Methods
Bacteria. Wild-type F. tularensis subsp. novicida strain U112 was
described (2). Bacteria were grown overnight with aeration in
modified tryptic soy broth (TSB; Difco/BD, Sparks, MD) sup-
plemented with 0.02% L-cysteine and kanamycin (Kan) 30 �g/ml
or chloramphenicol (Cat) 3 �g/ml, where appropriate.

Transposon Mutant Library. We modified a Tn5-based transposon
containing a Kan-resistance cassette driven by the omp26 pro-
moter encoded on plasmid pLG62a (21) to include outward
facing T7 promoters at each end as detailed in SI Materials and
Methods. The transposon was amplified by PCR using primers
pLG62a1 and pLG62a2 and complexed with purified trans-
posase as detailed by the manufacturer’s instructions (Epicentre,
Madison, WI). After 5–7 d at 4°C, the complex was electropo-
rated into F. novicida U112 grown to an OD600 of 1.1. Bacteria
were allowed to recover for 4 h before being plated on Mueller–
Hinton plates containing 30 �g/ml Kan. Colonies were pooled to
create the transposon library.

Mice and Francisella Infections. Female C57BL/6 mice (The Jack-
son Laboratory, Bar Harbor, ME) between 7 and 10 wk of age
were kept under specific pathogen-free conditions in filter-top
cages at Stanford University and provided with sterile water and
food ad libitum. Experimental studies were in accordance with
Institutional Animal Care and Use Committee Guidelines. Mice
were inoculated with 2 � 105 cfu s.c. in 50 �l of sterile PBS or
i.p. in 500 �l of sterile PBS. Spleens were harvested 2 d after
infection, homogenized, and dilutions were plated on supple-
mented Mueller–Hinton (MH) agar plates containing kanamy-
cin (infections with library) or MH plates with and without the
appropriate antibiotic (competition experiments). Plates were
grown overnight at 37°C, 5% CO2, and colonies were enumer-
ated. After infections with the library, �105 cfu were collected
in sterile PBS for isolation of DNA. CI values were calculated by
using the formula CI � (mutant cfu in output/wild-type cfu in
output)/(mutant cfu in input/wild-type cfu in input).

Microarrays. Genomic DNA was purified from bacterial pellets by
phenol-chloroform extraction. Each DNA sample was divided in
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two and digested separately with BfaI or RsaI (NEB, Ipswich,
MA). The digested DNA was used as the template for in vitro
transcription with the AmpliScribe T7-Flash transcription kit
(Epicentre) following the manufacturer’s protocol, except that 2
�g of digested DNA was used, and the reaction was allowed to
proceed for 12–16 h. Purified RNA was used in a RT reaction
using SuperScript II(–) (Invitrogen, Carlsbad, CA) and random
hexamers as primers. cDNA was labeled with amino-allyl dUTP
by using the Klenow (exo-) enzyme. The ssDNA containing
amino-allyl dUTP from the mouse output or the library input
pools were labeled with Cy3 and Cy5, respectively, before
hybridization to our Francisella microarray as described (15). All
raw data sets are freely available for download from the GEO
database.

Data Analysis. Normalized data were downloaded from the Stan-
ford Microarray Database according to the median log2 Cy5/Cy3
(logRAT2N). Filters for feature quality, including a Cy3 net
median intensity of �150 and regression correlation of �0.6,
were applied. To compare data from separate i.p. infection
experiments, each experimental sample was zero-transformed to
the input/input control. Features (spots) missing values for
�40% of the arrays were removed from the data set. The data
sets were analyzed with the SAM program, by using the two-class
analysis option to identify features that consistently deviated
from the input and samples across all of the arrays with a false
discovery rate of 1%.

Targeted Mutagenesis. Mutant and complemented strains were
constructed as described (15) by using the primers listed in SI
Table 2. Detailed protocols are available in SI Materials and
Methods.

Macrophage Infections. Bone marrow-derived macrophages were
prepared and cultured as described (15). For infections, macro-
phages were plated and allowed to adhere overnight at 37°C, 5%
CO2. The next day, the media was removed, bacteria were added,

and plates were spun for 15 min at 850 � g at room temperature
to synchronize the infection. Cells were incubated for 30 min,
washed three times with warm DMEM before addition of
DMEM containing M-CSF. For replication experiments, 3.2 �
105 macrophages were seeded per well in 24-well plates (�100
heat-killed F. novicida per cell were added for experiments with
activated macrophages). Macrophages were lysed at 30 min (to
measure entry of bacteria) and 10 h (to measure replication)
after infection with 1% saponin (Sigma, St. Louis, MO) in water
for 5 min, diluted, and plated on TSA to enumerate cfu. For
cytotoxicity experiments, macrophages were seeded in 96-well
plates at 5 � 104 cells per well and incubated overnight with
heat-killed F. novicida. The next day, they were infected with live
bacteria as described above, and supernatant was collected at the
indicated times after infection to quantify cell death colorimetri-
cally (CytoTox96 LDH-release kit from Promega, Madison, WI)
and for measurement of IL-1� (ELISA from R & D Systems,
Minneapolis, MN) according to the manufacturer’s directions.

Statistical Analysis. For CI experiments, log10 values of the CI
were compared with zero by using the one-sample Student’s t
test. Macrophage experiments were analyzed by using the Stu-
dent’s unpaired t test.
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