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Francisella tularensis is a gram-negative, highly infectious, aerosolizable facultative intracellular pathogen
that causes the potentially life-threatening disease tularemia. To date there is no approved vaccine available,
and little is known about the molecular mechanisms important for infection, survival, and dissemination at
different times of infection. We report the first whole-genome screen using an inhalation mouse model to
monitor infection in the lung and dissemination to the liver and spleen. We queried a comprehensive library
of 2,998 sequence-defined transposon insertion mutants in Francisella novicida strain U112 using a microarray-
based negative-selection screen. We were able to track the behavior of 1,029 annotated genes, equivalent to a
detection rate of 75% and corresponding to ~57% of the entire F. novicida genome. As expected, most
transposon mutants retained the ability to colonize, but 125 candidate virulence genes (12%) could not be
detected in at least one of the three organs. They fell into a variety of functional categories, with one-third
having no annotated function and a statistically significant enrichment of genes involved in transcription.
Based on the observation that behavior during complex pool infections correlated with the degree of attenu-
ation during single-strain infection we identified nine genes expected to strongly contribute to infection. These
included two genes, those for ATP synthase C (FTN_1645) and thioredoxin (FTN_1415), that when mutated

allowed increased host survival and conferred protection in vaccination experiments.

The three subspecies of Francisella tularensis and the highly
related Francisella novicida are gram-negative facultative in-
tracellular bacteria that cause the potentially life-threatening
disease tularemia in a large number of mammals (9, 25, 27, 33).
Infections can occur by inhalation, ingestion, exposure to in-
fected animals, or transmission from an arthropod vector.
Disease manifestation varies depending on the route of inoc-
ulation and ranges from respiratory oropharyngeal to ulcero-
glandular tularemia. These four bacteria show different viru-
lence profiles in humans. F. fularensis subsp. tularensis (type A)
is the most virulent subspecies of Francisella and, along with F.
tularensis subsp. holartica (type B) and F. tularensis subsp.
mediasiatica, is a human pathogen. Francisella novicida causes
disease only in immunocompromised humans and therefore is
not considered a human pathogen. Because of its high infec-
tivity, severe virulence, ease of aerosol dissemination, and
broad host and geographic distribution, F. fularensis subsp.
tularensis is listed as a category A potential agent of bioterror-
ism. However, all subspecies and F. novicida share 95% DNA
sequence identity, suggesting that F. tularensis subsp. tularensis
and F. novicida share similar virulence genes (23, 29). Because
F. novicida is more genetically amenable and safer to manip-
ulate (it is a biosafety level 2 pathogen) but causes a disease in
mice similar to that caused by the most virulent F. tularensis

* Corresponding author. Mailing address: FHCRC, 1100 Fairview
Ave. N., Mailstop C3-168, Seattle WA 98109-1024. Phone: (206) 667-
1540. Fax: (206) 667-6524. E-mail: nsalama@thcrc.org.

¥ Published ahead of print on 27 October 2008.

232

subsp. tularensis strains, F. novicida serves as a good experi-
mental model to study Francisella pathogenesis targeted to-
ward the development of a tularemia vaccine.

Our understanding of Francisella pathogenesis is advancing
rapidly. Sequencing of strains from several different species
and the development of tools for genetic manipulation have
enabled researchers to identify novel virulence factors that
impair macrophage function and disrupt the host immune re-
sponse(5, 6, 13, 42). Despite recent advances, however, many
important questions remain. It is unknown whether certain
genes or virulence factors predominate during different routes
of infection or bacterial residence in different tissues, including
lung, liver, spleen, and skin, and therefore play a role in Fran-
cisella tularensis’ ability to cause a wide spectrum of disease.
Acceptable vaccine candidates ideally infect transiently but
disseminate to lung, liver, and/or spleen before they are sub-
sequently cleared, allowing sufficient time and exposure for
generation of a robust immune response. Because of Fran-
cisella tularensis’ ability to cause severe disease with a low
infectious dose by the aerosol route, we chose to use an inha-
lation model in mice for our experiments. In our genome-wide
negative-selection screen in F. novicida, we identified genes
required for systemic infection in mice by analyzing mutant
clone behavior in lung and after dissemination to the liver and
spleen. As expected most mutants persisted in lung and were
able to colonize liver and spleen. We found clones mutant in 44
genes lost in lung and clones mutant in 81 genes lost in liver
and/or spleen but present in lung. If loss of a clone in lung
occurred, the attenuated mutants in general persisted for the
first 24 h and disseminated to liver and/or spleen and then were
lost in lung after 48 and 72 h of infection. These genes with a
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strong phenotype in all three organs might be attractive vac-
cine candidates.

MATERIALS AND METHODS

Bacterial growth and mutant pool assembly. All bacteria were cultured in
tryptic soy broth (TSB) medium or tryptic soy agar (TSA) plates supplemented
with 0.1% L-cysteine, 0.2% glucose, and kanamycin (15 pg/ml) at 37°C. A total
of 11 pools of mutants were prepared from a sequence-defined transposon
mutant library of F. novicida. The mutant library (http://www.francisella.org/)
was generated by random transposon mutagenesis of F. novicida strain U112 as
part of a screen for essential genes (12). The transposon mutant library was
plated from 96-well frozen stock plates onto TSA plates using a floating pin
replicator (V&P Scientific, Inc.) and incubated for 48 h. A half patch of each
mutant was combined into each of two freezer vials with 1 ml TSB and 20%
glycerol. After freezing at —80°C, titers of viable counts (CFU) in the frozen
cultures were determined and the second vial used directly for aerosol infection
experiments. For the primary screen, three 96-well plates from the original
library were combined for each pool. For the secondary screen, two smaller pools
containing 84 mutants each were selected from the 96-well frozen stock plates of
the original library and combined. These mutants were identified as being lost in
lung, liver, and/or spleen in the primary screen. In addition, both pools were
supplemented with four controls selected from the primary screen as clones
present at all three time points in all organs.

Screening of transposon mutant pools in mice. C57BL/6 mice were purchased
from The Jackson Laboratory and housed under specific-pathogen-free condi-
tions. All animal experiments were performed using biosafety level 2 precautions
in the animal facility of Harborview Medical Center. This work was approved by
the Institutional Animal Care and Use Committee of the University of Wash-
ington. For each pool, 16 mice were exposed to aerosolized bacteria using a
nose-only inhalation system as previously described (16). Bacterial deposition in
the lungs in each experiment was determined by quantitative culture of homog-
enized lung tissue harvested from four mice euthanized immediately after expo-
sure (0 h, deposition). The remaining 12 mice were sacrificed at 24 h, 48 h, and
72 h (four mice each) after being observed daily for clinical manifestation of
disease. The inocula across all 11 pools ranged from 2,500 to 10,000 CFU/lung.
The average pool size was 282 mutants, and therefore each mutant was repre-
sented at least 10 times, maximizing the representation of each mutant in the
pool. Organs (lung, liver, and spleen) from each mouse at each time point were
separately homogenized, serial dilutions were plated on TSA-kanamycin plates,
and bacteria were grown for 48 h at 37°C and harvested from plates containing
at least 3,000 CFU. For the deposition (0-h) time point, the entire lung homog-
enate was plated and combined to guarantee that all the grown clones were
represented in the input pool. Genomic DNA was isolated from the deposition
and output cultures using a Wizard genomic DNA preparation kit (Promega).
The genomic DNAs from the outputs of all four mice for each time point and
organ were pooled for microarray experiments.

Microarray tracing of transposon mutant behavior within pools. The Fran-
cisella microarray used was a 70-mer oligonucleotide array that includes duplicate
spots representative of 1,681 genes, equivalent to 93% of the entire genome. Since
the different Francisella subspecies and strains F. novicida, Schu4, LVS, and type B
strains are closely related at the genomic level, the array was customized to include
the entire F. novicida genome plus genes unique to the other strains. The complete
list of sequences printed on the array is available at http:/Awww.ncbi.nlm.nih.gov/geo
/query/acc.cgi?acc=GSE11297. The spotted arrays were printed by the Genomics
Shared Resource of the Fred Hutchinson Cancer Research Center.

Sequences flanking one side of the transposons in each pool were amplified in
a two-step PCR and labeled for microarray hybridization. Approximately 1 g of
genomic DNA was digested using HindIII in a 20-pl reaction mixture. Each
digest was cleaned with DNA Clean and Concentrator-5 (Zymoresearch) and
eluted with 20 pl water to give a final concentration of 50 ng/ul. Agarose gel
electrophoresis was used to control for complete digestion. Ligation was per-
formed using the T4 ligase kit (Invitrogen) on 200 ng of digested genomic DNA
with a total of 74 pmol of the Y-linker, using primers TA1 and TA2 at 16°C for
12 h as described previously (39). The ligation reaction was stopped by incuba-
tion at 65°C for 10 min, cleaned, and verified by agarose gel electrophoresis. The
ligated DNA was used as a template in a PCR with 2 pl of 10X PCR buffer (500
mM KCl, 100 mM Tris-Cl, 15 mM MgCl,), 2 pl of 10 mM deoxynucleoside
triphosphate mix (dG, dA, dC, and dT), and 1 pl each of 40-pM transposon-
specific primer TA3 (ACCTGATTGCCCGACATTATCGCGAGCC) and
linker-specific primer TA4 (ACGCACGCGACGAGACGTAGC). The PCR
was initiated by incubation at 95°C for 2 min and then cycled 22 times between
94.5°C for 30 s and 72°C for 90 s. A second, nested PCR was done to incorporate
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aminoallyl-dUTP for Cy dye coupling. In a 100-pl reaction mixture, 10 pl of the
previous PCR product was added to 10 pl 10X PCR buffer, 4 pl 3 mM
deoxynucleoside triphosphate-UTP mix (3 mM dG, dA, and dC; 1.2 mM dT; 1.8
mM aminoallyl-dU), and 1 ul of the TA4 linker-specific primer as well as a
nested transposon-specific primer, TA6 (GCGGCCTCGAGCAAGACGTTTC
CCGTTG). The PCR program was the same as in the first PCR step for 12
cycles. The efficiency of the PCR amplifications was evaluated using 10 pl from
the second PCR for agarose gel electrophoresis. The remainder of the PCR
product (90 pl) was cleaned as described above and eluted with a total of 15 pl
50 mM NaHCOj;. Coupling to Cy dyes was performed using the postlabeling kit
from Amersham. Each tube containing the Cy3 or Cy5 dye was diluted with 11
wl of dimethyl sulfoxide, and 5.5 pl of the reconstituted dye was added to the
cleaned PCR product.

In each case, the input (0 h, deposition) pool DNA was labeled with Cy3
(green) and the output pool (24 h, 48 h, and 72 h) was labeled with Cy5 (red).
Therefore, the red/green (R/G) ratio for each gene provides a measure of fitness
for any given gene mutated in the input pool: a yellow spot (R/G, 1) present in
the input and output represents no phenotype, and a green spot (R/G, <1)
present in input but absent in output pool represents a candidate mutant. After
Cy dye labeling, the input and output labeled DNAs for each experiment were
combined, cleaned as described above, eluted with 13 pl of Tris-EDTA, and
prepared for hybridization by adding 1 pl each of salmon sperm DNA and yeast
tRNA, 5 pl 20X SSC (1X SSCis 0.15 M NaCl plus 0.015 M sodium citrate), and
2 ul 1% SSC. The prepared probes were then denatured at 99°C for 2 min and
centrifuged at 13,000 rpm for 2 min, and the supernatant was added to the array
for overnight hybridization at 65°C.

Microarray scanning and analysis were performed on a GenePix 4000B scan-
ner (Axon) using GenePix Pro 6.0 software (Axon). Spots were filtered for slide
abnormalities, and data extracted for duplicate spots per gene were averaged.
Because each pool contained on average 282 insertions, most of the 1,681 gene
spots on the array were expected to give a background signal. Thus, we expected
roughly 600 spots in each experiment array to give a strong hybridization signal,
but the actual number would vary from experiment to experiment. To select
spots for analysis, we first computed the average background-subtracted signal
intensity in the Cy3 channel (input pool) of all the spots except the brightest 600
spots. We then chose for further analysis spots whose intensity was greater than
one standard deviation from this mean value. The log, R/G was collected for
each of these gene spots. Two data sets were collected for each experiment
(pool): one where amplification of flanking DNA was performed from the left
(reverse) side of the transposon and a second where amplification of flanking
DNA was performed from the right (forward) arm of the transposon.

Single-strain and protection studies. Mice were exposed to aerosolized mu-
tant bacteria using the same nose-only inhalation system as described for the
mutant pool screen. Bacterial deposition in the lungs was determined by quan-
titative culture of homogenized lung tissue harvested from mice killed immedi-
ately after exposure. Mice were observed daily for clinical manifestation of
disease by macroscopic appearance and by measurement of ventral surface body
temperature, using an infrared thermometer (Raytek). Mice were euthanized if
they manifested signs of severe illness (hunched posture, piloerection, crusted
eyes, labored breathing, loss of resistance to handling, and surface temperature
of <25°C). For protective immunity studies, four mice that had been infected
with 149 CFU of the apC mutant were challenged with 25 CFU of wild-type
bacteria at 30 days postinfection, and survival of the mice was recorded.

Bacterial burden in mouse organs. Mice were exposed to aerosolized wild-
type or single-mutant bacteria as described above. Immediately after infection
and at 1, 3, 7, and 14 days postinfection, mice were sacrificed. Initial bacterial
deposition was determined by quantitative culture of homogenized lung tissue
harvested from four mice immediately after infection. At the indicated time
points, left lungs, livers, and spleens from four mice were homogenized in 1 ml
phosphate-buffered saline for quantitative culture.

In vitro replication of attenuated mutants in a mouse alveolar macrophage
cell line. MH-S mouse alveolar macrophage cells (ATCC) were grown in RPMI
1640 supplemented with 10% heat-inactivated fetal bovine serum, 2 mM L-
Glutamine, 10 mM HEPES, and 1% penicillin-streptomycin (10,000 IU/ml;
GIBCO) (supplemented RPMI) and incubated at 37°C with 5% CO,. The MH-S
cells were washed four times with supplemented RPMI without antibiotics, after
which they were seeded in 24-well plates (coated with 0.01% poly-L-lysine) at 10°
cells/well. The plates were then incubated overnight for cell adhesion to occur.
Wild-type F. novicida and transposon mutant strains FTN_1415 and FTN_1645
were grown over night in TSB at 37°C with shaking at 200 rpm. The bacterial
strains were transferred to a 50-ml conical tube and harvested by centrifugation
at 4°C at 3,000 rpm for 20 min. The bacterial pellet was washed twice with chilled
Dulbecco phosphate-buffered saline and suspended in 5 ml of supplemented
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RPMI (without antibiotics). Each well containing MH-S cells were then infected
with 1 X 107 CFU/500 pl for a multiplicity of infection of 100. Two hours after
infection, each well was washed with supplemented RPMI without antibiotics to
remove nonadherent bacteria, and 500 pl of fresh medium was added. Immedi-
ately thereafter, monolayers were lysed to harvest intracellular bacteria by add-
ing 500 pl of 0.2% saponin to give a final concentration of 0.1% saponin in each
well. Serial dilutions were plated on TSA supplemented with 0.1% cysteine and
incubated for 48 h at 37°C to determine CFU. Bacteria were similarly harvested
from lysed monolayers at 24 h and 48 h postinfection. Parallel wells of both
uninfected and infected MS-S cells were stained with Trypan blue at the end of
the experiment to monitor cell viability. In both cases, viability was estimated to
be >90%.

Microarray data accession number. The microarray data from these experi-
ments have been submitted to Gene Expression Omnibus (www.ncbi.nlm.nih.gov
/projects/geo/) under accession number GSE11297.

RESULTS

Screening of a comprehensive Francisella novicida transpo-
son library for colonization and dissemination in a mouse
inhalation infection model. We used a comprehensive library
of sequence-defined transposon insertion mutants of F. novi-
cida strain U112 (12) to screen for genes required to establish
lethal infection after aerosol exposure. This library contains
3,072 transposon mutant clones with two insertion alleles for
the majority of nonessential genes. In order to screen as many
mutants as possible using the lowest number of mice, we in-
fected mice with pools of mutants and monitored the fate of
these mutant clones using an adaptation of microarray tracking
of transposons mutants (1). The pools were assembled by com-
bining three 96-well plates of the parent library into one pool.
The parent library was not arrayed in genome order. There-
fore, the genomic distribution of individual mutants compris-
ing each pool was essentially random.

There are roughly 1,800 genes in the F. novicida genome, of
which approximately 312 are essential, leaving approximately
1,488 genes that can tolerate mutations by transposon inser-
tions (12). We were able to grow 98% (2,998) of the 3,072
transposon mutants in the library on TSA plates and assem-
bled a total of 11 pools with an average pool size of 282
mutants. Of these strains, 2,886 had transposon insertions an-
notated as genes in F. novicida and were used for further
analysis. Results of transposon insertions in noncoding regions
(intergenic) or insertion sequence elements are not included in
the results. About 70% of the genes have transposon insertions
in two different location of the same gene, and thus the library
represents 1,414 unique genes with transposon insertions.

The microarray used to monitor the behavior of transposon
clones contained probes representing 1,681 Francisella genes
on our array and allowed us to collect data for 1,380 of the
1,414 unique genes in the library, corresponding to ~77% of
the F. novicida genome. We infected 16 C57BL/6 mice per pool
by aerosol using a nose-only inhalation system (16) and har-
vested bacteria from lung, liver, and spleen for four mice at
24 h, 48 h, and 72 h after infection for generation of output
pools. To obtain an accurate measure of the input pool, we also
collected the bacterial clones successfully delivered to the
lungs immediately after nebulization from four mice (deposi-
tion, 0 h). Mice were infected with approximately 1 X 10*
CFU/lung (range, 1.6 X 10° to 2 X 10%). As observed for
single-strain wild-type infection at this dose, the bacteria ini-
tially grew rapidly, increasing by 3 to 4 log units in the first 24 h,
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FIG. 1. Wild-type or mutant pool total bacterial load for lung, liver,
and spleen. Lung, liver, and spleen data were averaged across all four
mice per time point and across all 11 pools per organ. Mice were
infected with pools of ~282 mutants per pool, and depositions ranging
from 1.6 X 10? to 2 X 10* CFU/lung across all 11 pools show similar
overall growth and dissemination rates as high-dose (1.7 X 10* CFU)
single wild-type strain infections.

reaching 1 X 10® to 10° CFU per lung over the next 48 h (72-h
time point), and dying within the next 24 h, by day 4 (Fig. 1).
By 24 h bacteria had disseminated to additional tissues and
were recovered from both liver and spleen, where they ap-
peared to further replicate.

The purpose of our screen was to identify genes that when
inactivated by transposon insertion reduced the ability of the
bacterium to establish a productive infection by the aerosol
route of inoculation. Using this model, as few as 5 wild-type
bacteria establish a productive infection resulting in death at 4
to 5 days and mice infected with as many as 10* bacteria still
survive for 4 days, indicating little dose dependence on infec-
tion outcome in this dose range (44; and S. J. Skerett, unpub-
lished data). With a pool size of approximately 300 clones and
inocula of 10* CFU, we expected that each mutant should be
represented by 30 CFU per animal, a dose sufficient to estab-
lish infection during single-strain infections. To further control
for stochastic elimination of clones from the output pool, we
pooled the genomic DNAs prepared from the output bacterial
pools from each of the four mice for each time point for the
analysis of each organ site. The behavior of clones in the input
(deposition) and output pools were monitored using a two-step
PCR to amplify the DNA next to the transposon insertion for
hybridization to microarrays as outlined in Fig. 2. By labeling
both sides of the transposon, we were able to track the behav-
ior of 1,029 of the potentially identifiable 1,380 annotated
genes represented in the 11 pools and on the array. This is
equivalent to a detection rate of 75%. Of the 1,029 genes
identified in our screen, 532 genes (52%) yielded results from
both sides of the transposon, whereas 255 (25%) and 242
(24%) were uniquely detected by labeling the reverse and
forward sides of the transposon, respectively.

In our primary screen, we collected data for three time
points (24 h, 48 h, and 72 h) for all three organs. To assess the
behavior of a given mutant clone, we required microarray data
for two out of three time points per organ. A gene was called
absent (clone lost during infection) in the output pool, imply-
ing a role in virulence, if the log, ratio of deposition to output
pool was =—1 at at least two out of three time points in lung,
liver, or spleen. In parallel, a gene was called present (clone
survived during infection) in the output pool if the log, ratio of
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FIG. 2. Schematic of negative-selection screen for identification of
genes essential for colonization and dissemination in mouse inhalation
infection model. Separate infections by inhalation were performed for
each of the 11 mutant pools. Four mice per time point were sacrificed
at 0 h (deposition) and at 24 h, 48 h, and 72 h (different outputs) and
genomic DNA isolated from lung, liver, and spleen for each mouse
separately at all time points. After combining DNA from all four mice
per time point and organ, DNAs next to the transposon insertions were
amplified in a two-step PCR to label deposition DNAs with Cy3 and
output DNAs with Cy5. The resulting log, (Cy5/Cy3) provided an
indication of the representation of individual mutants in the output
pool compared to the input pool.

deposition to output pool was >—1 at at least two out of the
three time points in lung, liver, or spleen. In the primary screen
we received information for two different transposon insertions
in 598 genes, and the results for these independent mutations
showed agreement in 463 cases. In addition to labeling both
sides of the transposon for all 11 pools (primary screen), la-
beling of only one side was repeated with two smaller pools
containing 80 mutants and four controls (secondary screen).
These mutants were identified as being lost in lung, liver,
and/or spleen in the primary screen. The controls for the sec-
ondary screen were selected from the primary screen as clones
present at all three time points in all three organs. Discordant
results for one gene between labeling the two different sides of
the transposon in the primary screen as well as the same side
of the transposon between primary and secondary screens were
not included in the candidate list of virulence genes.

As expected, most transposon mutants were present in both
the deposition and output pools, but 125 genes (12%) were no
longer detected in at least one of the three organs (Table 1).
We observed transposon insertions in 44 genes (35%) lost in
lung and in 81 (65%) genes lost in liver and/or spleen but
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present in lung (Table 1). When loss occurred in the in lung,
most of the attenuated clones still could be detected at the 24-h
time point and were able to disseminate to liver and/or spleen
but then appeared to be lost in lung after 48 h and 72 h of
infection. Even when the attenuated clones showed loss in lung
at the 24-h time point, many still disseminated to liver and/or
spleen, indicating that under the condition of high inocula used
in our experiment, dissemination from the lung to other organs
is quite rapid. Nine out of the 125 genes with a phenotype were
lost in all three organs. These were tyrA (FTN_0055) and folD
(FTN_0417), both involved in amino acid metabolism; the
intracellular growth locus protein D gene (igID); atpC (regu-
latory subunit of ATP synthase); pip (proline iminopeptidase);
the thioredoxin gene (FTN_1415); two genes of unknown func-
tion (FTN_0400 and FTN_0430); and a gene for a hypothetical
protein (FTN_1351).

Candidate virulence genes are enriched for unknown/hypo-
thetical genes and genes involved in transcription. The genes
we identified as candidate virulence factors in our screens fell
into a variety of functional categories, with about one-third
annotated as having unknown function or hypothetical. Genes
in this category often (50%) were conserved in other se-
quenced organisms. Several categories, such as signal trans-
duction mechanisms, posttranslational modification/protein
turnover/chaperones, genes involved in amino acid metabo-
lism/transport, and genes of unknown function, appeared to be
enriched in our group of 125 candidate virulence genes com-
pared to their representation in the entire Francisella genome
(Fig. 3). Only genes involved in transcription showed statisti-
cally significant enrichment (P = 0.0017) as calculated by
the chi-square test after Bonferroni correction for multiple
comparisons. Our screen queried transposon mutants in 44
of these genes, and we obtained usable data for 32 transcrip-
tion genes. One-third of the 32 identified transcription genes
(10 genes) are included in our group of 125 candidate virulence
genes. These include putative transcription factor genes FTN _
0031 (LysR family), FTN_0395 (ArsR family), FTN_0720
(IcIR family), and FTN_0646 (ROK family); a cold shock reg-
ulator gene (cspA); and FTN_1355, which shows homology to
the Bvg accessory factor family that plays an important role in
virulence of Bordetella (11, 41, 46). Additional mutants in this
category were rpoC, FTN_0810, a RNase II family protein
gene (FTN_0133), and a putative Fe**/Zn*" uptake regulator
protein gene (FTN_0881).

Genes lost in output pools of all three organs show pro-
nounced attenuation during single-strain infection. We fur-
ther investigated eight candidate virulence genes with a range
of behaviors in our pooled mutant screens, as shown in Fig. 4.
Some showed strong, consistent loss in lung and/or organs to
which bacteria disseminated (liver/spleen), while others
showed variable phenotypes in the two screens. These eight
mutants (Table 2) were singly infected into mice by the aerosol
route with a targeted deposition of 100 CFU/lung. The actual
depositions ranged from 21 to 19,489 CFU/lung after aerosol
inoculation. Previous work showed that mice infected with 5 to
10,000 CFU/lung via exposure to aerosolized wild-type Fran-
cisella novicida died within 4 to 5 days postinfection (S. J.
Skerrett, unpublished data). Therefore, we expected mice in-
fected with mutants with no attenuation to have a mean sur-
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TABLE 1. List of genes showing a phenotype in lung, liver, and/or spleen®

INFECT. IMMUN.

Organ(s) showing

FIN Gene name Protein description” Function class loss
FTN_0008 10 TMS drug/metabolite exporter protein Defense mechanisms Spleen
FTN_0012 Hypothetical protein Hypothetical, novel Lung
FTN_0023 tmpT Thiopurine S-methyltransferase General function prediction only Liver
FTN_0028 Conserved hypothetical membrane protein Function unknown Spleen
FTN_0031 Transcriptional regulator, LysR family Transcription Spleen
FTN_0045 Protein of unknown function Function unknown, novel Liver
FTN_0055 tyrA Prephenate dehydrogenase Amino acid transport and metabolism Lung, liver, spleen
FTN_0111 ribH Riboflavin synthase beta-chain Coenzyme transport and metabolism Lung
FTN_0132 Protein of unknown function Function unknown, novel Spleen
FTN_0133 RNase II family protein Transcription Spleen
FTN_0143 Monovalent cation:proton antiporter Inorganic ion transport and Lung, spleen

metabolism
FTN_0169 Conserved hypothetical membrane protein Function unknown Spleen
FTN_0199 cyoE Heme O synthase Posttranslational modification, protein Liver
turnover, chaperones
FTN_0205 Conserved hypothetical protein General function prediction only Lung, liver
FTN_0208 Hypothetical membrane protein Hypothetical, novel Spleen
FTN_0217 L-Lactate dehydrogenase Energy production and conversion Spleen
FTN_0280 Hypothetical protein Hypothetical, novel Lung, spleen
FTN_0281 Protein of unknown function Function unknown, novel Spleen
FTN_0292 Protein of unknown function Function unknown, novel Spleen
FTN_0297 Conserved protein of unknown function General function prediction only Spleen
FTN_0298 gplX Fructose 1,6-bisphosphatase 11 Carbohydrate transport and Lung, spleen
metabolism
FTN_0299 putP Proline:Na* symporter Amino acid transport and metabolism Liver
FTN_0302 Hypothetical protein Hypothetical, novel Spleen
FTN_0326 Conserved hypothetical protein Hypothetical, conserved Lung
FTN_0340 Protein of unknown function Function unknown, novel Lung, spleen
FTN_0344 Aspartate:alanine exchanger family General function prediction only Spleen
protein
FTN_0347 fkpB FKBP-type peptidyl-prolyl cis-trans Posttranslational modification, protein Liver
isomerase turnover, chaperones
FTN_0351 Hypothetical protein Hypothetical, novel Liver
FTN_0365 Conserved hypothetical membrane protein General function prediction only Spleen
FTN_0393 Conserved protein of unknown function Function unknown, conserved Lung, spleen
FTN_0395 Transcriptional regulator, ArsR family Transcription Spleen
FTN_0397 gpsA Glycerol-3-phosphate-dehydrogenase Energy production and conversion Spleen
[NAD']
FTN_0400 Protein of unknown function General function prediction only Lung, liver, spleen
FTN_0402 aroC Chorismate synthase Amino acid transport and metabolism Spleen
FTN_0417 folD Methylene tetrahydrofolate Coenzyme transport and metabolism Lung, liver, spleen
enzyme/cyclohydrolase/dehydrogenase
FTN_0426 Conserved protein of unknown function Function unknown Lung, liver
FTN_0430 Protein of unknown function Function unknown, novel Lung, liver, spleen
FTN_0437 Hydrolase, HD superfamily General function prediction only Lung, spleen
FTN_0438 mrmlJ 23S rRNA methylase Translation, ribosomal structure, and Lung
biogenesis
FTN_0488 cspC Cold shock protein, DNA binding Transcription Spleen
FTN_0537 Proton-dependent oligopeptide Amino acid transport and metabolism Liver, spleen
transporter family protein
FTN_0554 RNA methyltransferase, SpoU family Translation, ribosomal structure, and Liver
biogenesis
FTN_0571 Amino acid-polyamine-organocation Amino acid transport and metabolism Lung
superfamily protein
FTN_0578 Major facilitator superfamily transport Carbohydrate transport and Liver
protein metabolism
FTN_0582 gph Phosphoglycolate phosphatase General function prediction only Liver
FTN_0609 pnp Polyribonucleotide nucleotidyltransferase Translation, ribosomal structure, and Lung
biogenesis
FTN_0646 cscK ROK family protein Transcription Spleen
FTN_0678 Drug:H™" antiporter-1 (DHA1) family Carbohydrate transport and Lung
protein metabolism
FTN_0689 ppiC Parvulin-like peptidyl-prolyl isomerase Posttranslational modification, protein Liver, spleen
domain turnover, chaperones
FTN_0690 deaD DEAD-box subfamily ATP-dependent DNA replication, recombination, Spleen

helicase

modification, and repair

Continued on following page
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TABLE 1—Continued

Organ(s) showing

FIN Gene name Protein description” Function class loss
FTN_0710 Type I restriction-modification system, DNA replication, recombination, Liver
subunit R (restriction) modification, and repair
FTN_0713 ostA2 Organic solvent tolerance protein OstA Cell wall/membrane/envelope Lung, spleen
biogenesis
FTN_0720 Transcriptional regulator, LcIR family Transcription Spleen
FTN_0737 potl ATP-binding cassette putrescine uptake Amino acid transport and metabolism Liver, spleen
system
FTN_0740 Protein of unknown function Function unknown, novel Spleen
FTN_0768 tspO Tryptophan-rich sensory protein Signal transduction and regulation Spleen
FTN_0787 rep UvrD/REP superfamily I DNA and RNA DNA replication, recombination, Lung, spleen
helicases modification, and repair
FTN_0810 ROK family protein Transcription Spleen
FTN_0824 Major facilitator superfamily transport Carbohydrate transport and Liver, spleen
protein metabolism
FTN_0825 Aldo/keto reductase family protein Energy production and conversion Liver, spleen
FTN_0840 mdaB NADPH-quinone reductase (modulator of General function prediction only Lung, liver
drug activity B)
FTN_0853 sufD SufS activator complex, SufD subunit Posttranslational modification, protein Spleen
turnover, chaperones
FTN_0857 Conserved hypothetical protein Hypothetical, conserved Spleen
FTN_0873 ded dCTP deaminase Nucleotide transport and metabolism Liver
FTN_0877 cls Cardiolipin synthetase Lipid transport and metabolism Spleen
FTN_0881 Fe?*/Zn>* uptake regulator protein Transcription Lung
FTN_0918 Conserved protein of unknown function Function unknown, conserved Spleen
FTN_0933 Protein of unknown function Function unknown, novel Lung
FTN_0938 Hypothetical protein Hypothetical, novel Spleen
FTN_1006 Transporter-associated protein, Inorganic ion transport and Spleen
HlyC/CorC family metabolism
FTN_1015 Isochorismatase family protein Secondary metabolite biosynthesis, Spleen
transport, and catabolism
FTN_1016 Conserved protein of unknown function Function unknown, conserved Spleen
FTN_1029 Conserved protein of unknown function Function unknown, conserved Lung, liver
FTN_1030 lipA Lipoic acid synthetase Coenzyme transport and metabolism Spleen
FTN_1055 lon DNA-binding, ATP-dependent Posttranslational modification, protein Liver
protease La turnover, chaperones
FTN_1063 tRNA-methylthiotransferase MiaB protein Translation, ribosomal structure and Lung
biogenesis
FTN_1098 Conserved hypothetical membrane protein Hypothetical, conserved Lung
FTN_1107 metlQ Methionine uptake transporter family Inorganic ion transport and Lung, spleen
protein metabolism
FTN_1133 Protein of unknown function Function unknown, novel Lung, spleen
FTN_1148 Glycoprotease family protein Posttranslational modification, protein Spleen
turnover, chaperones
FTN_1157 GTP-binding translational elongation Signal transduction mechanisms Liver
factor Tu and G family protein
FTN_1165 Predicted ATPase of the PP-loop Cell cycle control cell division Spleen
superfamily
FTN_1177 sbcB Exodeoxyribonuclease I DNA replication, recombination, Lung, spleen
modification, and repair
FTN_1196 Conserved protein of unknown function Function unknown, conserved Liver, spleen
FTN_1199 Conserved protein of unknown function Function unknown, conserved Spleen
FTN_1200 capC Capsule biosynthesis protein CapC Cell wall/membrane/envelope Spleen
biogenesis
FTN_1209 cphB Cyanophycinase Inorganic ion transport and Lung, spleen
metabolism
FTN_1218 Glycosyltransferase, group 1 Cell wall/membrane/envelope Liver, spleen
biogenesis
FTN_1232 Conserved hypothetical membrane protein Function unknown Spleen
FTN_1243 recO RecFOR complex, RecO component DNA replication, recombination, Lung, spleen
modification, and repair
FTN_1272 Proton-dependent oligopeptide Amino acid transport and metabolism Spleen
transporter family protein
FTN_1292 Solute:sodium symporter Amino acid transport and metabolism Spleen
FTN_1298 GTPase of unknown function General function prediction only Liver
FTN_1312 Conserved hypothetical protein Hypothetical, conserved Lung, liver
FTN_1321 iglD Intracellular growth locus protein D Function unknown, novel Lung, liver, spleen

Continued on following page
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TABLE 1—Continued

Organ(s) showing

FIN Gene name Protein description” Function class loss
FTN_1349 Hypothetical protein Function unknown Liver
FTN_1351 Conserved hypothetical protein Function unknown Lung, liver, spleen
FTN_1355 Regulatory factor, Bvg accessory factor Transcription Liver
family
FTN_1362 Hypothetical protein Hypothetical, novel Lung
FTN_1400 S-Adenosylmethionin-dependent General function prediction only Spleen
methyltransferase
FTN_1415 Thioredoxin Posttranslational modification, Lung, liver, spleen
protein turnover, chaperones
FTN_1439 fadA Acetyl coenzyme A acetyltransferase Lipid transport and metabolism Lung
FTN_1440 Conserved hypothetical protein, Hypothetical, conserved Spleen
thioesterase superfamily
FTN_1455 Conserved hypothetical protein Function unknown Liver
FTN_1459 Short chain dehydrogenase General function prediction only Lung
FTN_1464 lepB Signal peptidase 1 Intracellular trafficking and secretion Spleen
FTN_1467 proC Pyrroline-5-carboxylate reductase Amino acid transport and metabolism Liver
FTN_1471 pcs (CDP-alcohol) phosphatidyltransferase Lipid transport and metabolism Spleen
FTN_1507 Pilus assembly protein Intracellular trafficking and secretion Lung
FTN_1534 Conserved protein of unknown function Function unknown, conserved Liver
FTN_1536 Amino acid-polyamine-organocation Amino acid transport and metabolism Spleen
superfamily protein
FTN_1587 Protein of unknown function Function unknown, novel Spleen
FTN_1588 Major facilitator superfamily transport Carbohydrate transport and Spleen
protein metabolism
FTN_1611 Major facilitator superfamily transport Carbohydrate transport and Spleen
protein metabolism
FTN_1645 atpC ATP synthase, F, sector, subunit epsilon Energy production and metabolism Lung, liver, spleen
FTN_1665 Magnesium chelatase Posttranslational modification, protein Spleen
turnover, chaperones
FTN_1673 nuoH NADPH dehydrogenase I, H subunit Energy production and conversion Liver
FTN_1726 Pyridoxal-dependent decarboxylase Amino acid transport and metabolism Liver
FTN_1731 pip Proline iminopeptidase General function prediction only Lung, liver, spleen
FTN_1753 Rieske (2Fe-2S) domain protein Inorganic ion transport and Spleen
metabolism
FTN_1756 bep Bacterioferritin comigratory protein Posttranslational modification, protein Liver
turnover, chaperones
FTN_1760 Zinc-binding alcohol dehydrogenase Energy production and conversion Liver, spleen
FTN_1778 tpE Anthranilate synthase component I Amino acid transport and metabolism Lung, liver

“ Boldface indicates genes that were lost in all three organs.

® TMS, transmembrane alpha helical spanner; FKBP, FK506 binding protein; ROK, repressors, open reading frames, and kinases.

vival time of approximately 4 days that would not depend
greatly on the actual inoculating dose.

A putative ATP synthase epsilon subunit homolog (FTN_
1645, atpC) mutant strain showed the most severe attenuation.
Mice infected with this mutant showed no signs of illness and
uniformly survived the infection (Table 2). The array results
showed clear loss in the output pools for all three time points
in all three organs in both the primary and secondary screens.
Mice infected with a mutant with a thioredoxin domain-con-
taining protein mutation (FTN_1415) showed no signs of sick-
ness until day 7 but had to be sacrificed on each of the con-
secutive days, with a mean survival of 8.25 days across four
mice. We repeated that infection, since the deposition of 23
CFU/lung was at the lower end of the dose range. The replicate
infection with FTN_1415 resulted in a mean survival of 5 days,
and the deposition of 91 CFU/lung was closer to the target of
100 CFU/lung. The dose dependence on the mean survival
time observed for the thioredoxin mutant has not been ob-
served for similar wild-type infections. The array profile of
FTN_1415 showed loss in the output pool in lung and liver at
at least two time points for the primary screen. The secondary

screen confirmed these results but showed additional loss in
spleen at the two tested time points. The avirulence phenotype
of FTN_1645 and the attenuation of FTN_1415 were not due
to in vitro growth defects in TSB compared with the wild-type
strain (Fig. 5A). In addition, similar numbers of bacteria were
recovered from cultured alveolar macrophages (MH-S cell
line) after infection with both the attenuated mutants and the
wild-type Francisella strain (Fig. 5B).

We examined the behavior of three candidate virulence
genes from our screens with unknown function based on se-
quence analysis: FTN_0426, FTN_0868, and FTN_1133. The
depositions for the FTN_0426 and FTN_1133 mutants were
19,489 and 12,378 CFU/lung, at the high end of the dose range,
whereas the FTN_0868 mutant deposition of 127 CFU/lung
was closer to the target dose of 100 CFU. FTN_0426 was
assembled in two different pools and showed loss in the output
pool for only one organ, either lung or liver, in the primary and
secondary screens, respectively. Upon single-strain infection,
the FTN_0426 mutant showed no attenuation, with the same
survival times for infected mice as those with wild-type infec-
tion. In contrast, the FTN_1133 and FTN_0868 mutants were
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both lost in two organs (lung and liver or spleen) in either the
primary or secondary screen but showed survival in the other
screen. Both mutants were classified as very slightly attenu-
ated, giving mean survival times of 4.3 and 4.7 days, respec-
tively. The same survival times (mean of 4.6 days) and slightly
attenuated phenotype was also found for FTN_0174 (blc), en-
coding a putative outer membrane protein of unknown func-
tion which, showed loss in liver during the primary screen only.

We also investigated the contribution to infection of genes
involved in DNA repair and homologous recombination dur-
ing infection. This functional category was enriched in the
virulence gene candidate list compared to the whole genome in
a preliminary analysis, and DNA repair proteins seem to pro-
mote infection and disease caused by Salmonella enterica se-
rovar Typhimurium, another bacterial pathogen that resides
within macrophages (4, 36). The mean survival times of 5 days
for infection with rec4 (FTN_0122) and recO (FTN_1243) mu-
tants were slightly higher than those for the previously de-
scribed mutants and 1 day longer than those for infections with
the wild type. The array data for recA showed loss in lung for
the primary but not the secondary screen, whereas recO was
lost in lung only for the primary screen and in spleen only for
the secondary screen.

Comparison of the mean survival times for the mutant
clones during single-strain infection (Table 2) with the extent
of clone loss observed by microarray during the mutant pool
infections (Fig. 4) suggests a relationship between the extent of
loss and virulence of the mutant strain. Loss in both the pri-
mary and secondary screens in lung and at least one dissemi-
nation organ (liver or spleen) for two or three time points was
predictive of virulence attenuation as measured by increased
mean survival of mice during single-strain aerosol infection.
Mutant clones with variable results in different screens or

among different organs showed detectable but much milder
attenuation.

Bacterial replication of attenuated mutants in mice. To de-
termine the kinetics of bacterial replication and spread follow-
ing infection, C57BL/6 mice were infected by aerosolization
with the wild type or the two most attenuated mutants (azpC
[FTN_1645] and thioredoxin domain-containing protein
[FTN_1415]). Lungs, livers, and spleens were harvested at 1, 2,
4,7, and 14 days postinfection and plated to determine indi-
vidual organ burdens (Fig. 6). Mutant bacteria were able to
efficiently replicate in the lung in vivo despite a lower-than-
targeted deposition (atpC, 19 CFU/lung; FTN_1415, 4 CFU/
lung; wild type, 142 CFU/lung). The mutants achieved bacte-
rial loads of 10° and 10° CFU in the lungs at the 24-h and 48-h
time points, while wild-type bacterial loads were 2 log units
higher (10° and107) for the same time points and mice main-
tained the same organ burden for 1 more day before they died.
After the 48-h time point, the atpC mutant began to be slowly
cleared from the lungs, and it could not be detected at 14 days.
In contrast, the thioredoxin mutant maintained the lower load
in the lungs at 72 h and 7 days, while at 14 days the load had
decreased, indicating that it was now being cleared. Clinically,
three out of the four mice showed no signs of infection until
they were sacrificed at day 14, while one FTN_1415-infected
mouse was moribund at day 11 and had to be sacrificed. In
comparison, two previous infections examining survival over a
30-day time period with FTN_1415 and higher depositions of
23 and 91 CFU/lung showed mean survival times of 8.25 and 5
days, indicating a dose-dependent effect on survival for FTN_
1415.

Despite lower-than-wild-type bacterial loads in the lungs,
both mutants were able to disseminate to the spleen and liver.
In spleen, both mutants replicated for the first 72 h postinfec-
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FIG. 4. Heat map of genes validated by single-strain infections in vivo. Results [log, (output/input)] from microarray experiments for eight
mutants tested in vivo in separate infections for the primary screen (labeling both the forward and reverse sides of the transposon) and the
secondary screen (labeling only the reverse side of the transposon) are shown. Results from transposon mutants included in different pools are
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signal, log R < —1 (negatively selected, mutant lost in output pool).

tion to approximately 10° CFU/spleen, which is about 2 log
units less than wild-type levels for that time point. After 72 h
the atpC mutant began to be cleared, and it was not detected
at 14 days. The thioredoxin mutant behaved similarly, except at
14 days bacteria could still be detected (19 CFU/lung). In liver

TABLE 2. Survival of mice infected with candidate mutants in
single-strain infections

Mean survival

Locus mutated Dose (CFU)*

(days)”
None (wild-type strain U112) 142 3.9
FTN_0122 (recA) 21 5.0
FTN_0174 (blc) 187 4.6
FTN_0426 19,489 4.0
FTN_0868 127 4.7
FTN_1133 12,378 43
FTN_1243 (recO) 239 5.0
FTN_1415 (thioredoxin, low) 23 8.3
FTN_1415 (thioredoxin, high) 91 5.0
FTN_1645 (atpC) 149 30°

“ Dose measured as deposition obtained from homogenized lungs of two mice
immediately after exposure.

® Survival experiments utilized four mice per strain, except for FTN_0174 and
FTN_0868, for which eight mice were used.

¢ The experiment ended at 30 days.

the atpC mutant showed a profile similar to that in spleen, with
a peak bacterial load 4 log units lower than that of the wild type
at 72 h, fewer but detectable bacteria at 7 days, and no bacteria
detectable at 14 days. The FTN_1415 mutant showed better
replication in the liver; it increased to a peak of 10° CFU/liver
at 7 days and then decreased to 22 CFU/liver at 14 days. These
data indicate that mice infected with the afpC mutant reach,
except for in liver, the same peak organ burden as mice in-
fected with the less attenuated FTN_1415-mutant but are able
to clear the infection faster and entirely. Compared to the wild
type, the peak organ burden for FTN 1645 was 2 log units
lower in lung and spleen, whereas liver counts were 4 log units
lower. Thus, mice infected with the attenuated mutant clones
showed dissemination to spleen and liver, similar to that for
infection with wild-type bacteria, but controlled mutant bacte-
rial replication and were able to clear the mutant clones from
all three organs.

Protection against lethal challenge with wild-type F. novi-
cida. To determine if mice that survived initial aerosol infec-
tion were protected from subsequent challenge with wild-type
Francisella, the surviving atpC mutant-infected mice were chal-
lenged with a lethal dose of wild-type Francisella (25 CFU/
lung) at 30 days after the initial infection. Four mice that were
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FIG. 5. Severely attenuated mutants show normal growth in broth
(TSB-C) (A) and a macrophage cell line (MH-S) (B). (A) Growth in
broth of FTN_1415 (M) and FTN_1645 (A) in comparison to wild type
(U112, #). (B) Growth in MH-S mouse alveolar macrophages of
FTN_1415 and FTN_1645 compared to wild type. Results are repre-
sentative of three independent experiments; error bars are standard
errors of the means.

initially infected with the atpC mutant acquired complete pro-
tective immunity and survived without signs of illness for a
30-day period. As a control, naive C57BL/6 mice were infected
with wild-type bacteria at the same dose, and all died at day 4
postinfection. The bacterial burden in the surviving wild-type-
challenged and initially azpC mutant-infected mice was inves-
tigated after 30 days, and this showed no detectable bacteria in
all three organs.

DISCUSSION

This is the first whole-genome screen in Francisella that has
used an inhalation model and, in addition to looking at colo-
nization in the organ of infection, also looked at dissemination
to liver and spleen. This is particularly important since inha-
lation and skin contact are the two most common modes of
human F. tularensis infection, and aerosolized F. tularensis is
considered a prime candidate for use as a biological warfare
agent (8, 25). Other studies have shown that mice challenged
by aerosol or intradermally with low doses of virulent type A
and type B strains had extensive and severe histological
changes in liver and spleen but much more limited changes in
lungs, even in mice challenged by aerosol (7). Thus, it appears
that regardless of the route of infection, systemic rather than
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FIG. 6. Bacterial burdens for most strongly attenuated mutants and
the wild type in lung (A), liver (B), and spleen (C). C57BL/6 mice were
infected by aerosol with the wild type (142 CFU), FTN_1415 (4 CFU),
and FTN_1645 (9 CFU) in individual infections, and four mice were
sacrificed at each time point. The data presented are the mean bacte-
rial loads, and error bars show standard errors of the means. All mice
infected with the wild type died at day 3. One mouse infected with
FTN_1415 mutant died at day 11.

pulmonary infection was the likely cause of death following
low-dose challenge with virulent F. tularensis (7). Previous
screens either have used intranasal infection and measured
colonization in lung with Francisella tularensis subsp. holartica
LVS strain (40) or have used intraperitoneal (i.p.) infection
and evaluated colonization in spleen with F. novicida (43). In
contrast, our study used aerosol infection and evaluated colo-
nization in the lung and systemic dissemination to liver and
spleen with F. novicida.

As expected, our screen identified a number of genes anno-
tated to function in basic metabolism and physiology (amino
acid, carbohydrate, lipid, and nucleotide transport and metab-
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olism) to promote colonization. Another expected class of
genes was those associated with bacterial cell surface structures
(cell wall/lipopolysaccharide/capsule). FTN_1218, a glycosyl-
transferase gene, showed a phenotype in spleen and liver and
is involved in various biosynthetic processes, including lipo-
polysaccharide core biosynthesis. A previous study has shown
that modifications of lipid A, the biologically active component
of gram-negative bacterial lipopolysaccharide, can alter recog-
nition by the host innate immune system, leading to attenua-
tion in virulence (18). We also identified two genes of the
capBAC locus, capA (FTN_1199) and capC (FTN_1200), as
being lost in spleen. This locus was characterized in the LVS
screen (40), where capBCA were shown to be essential for in
vivo survival during intranasal infection of mice, and it also
showed a phenotype in the F. novicida i.p. infection screen
(43).

The only functional category significantly enriched in the
candidate virulence genes identified in our screen was genes
involved in transcription (Fig. 3). Genes in this category likely
regulate functions important for intracellular growth and sur-
vival of the bacterium. For example, the Escherichia coli ho-
mologue of CspC upregulates the expression of 7poS, a gene
that encodes a global stress response regulator. Recent work
found CspC among a number of stress response proteins reg-
ulated by MglA, a previously characterized transcriptional reg-
ulator of Francisella tularensis virulence (15).

Several more of our identified candidate virulence genes
overlapped with those described in previous screens (40, 43).
Weiss et al. identified mutants in 164 F. novicida genes (~9%
of the genome, versus ~7% in our screen) that were absent in
the spleen after i.p. infection (43). The overlap with our screen
included 13 genes, of which 5 have no functional annotation.
For 11 of the 13 overlapping genes, including the 5 of unknown
function, we confirmed loss in spleen, though we used an
aerosol rather than i.p. route of infection. In fact, three genes
(FTN_0430, FTN_0417, and igID [FTN_1321]) were lost for all
three organs in the primary screen, and loss could be con-
firmed for two genes in a subset of the organs in the secondary
screen. IglD is part of the pathogenicity island, and its role in
virulence has been described previously (3, 14, 24, 26, 32).
Another gene identified in both screens was FTN_0720, a
homologue of the IcIR family of transcriptional regulators. We
observed loss of this mutant in spleen after aerosol infection,
while Weiss et al. observed attenuation during subcutaneous.
and i.p. infections (43). Thus, FTN_0720 appears to be re-
quired for full virulence regardless of route of inoculation.
Similar results were observed for FTN_1471 (pcs), a gene in-
volved in fatty acid and lipid metabolism. For 2 out of the 13
genes overlapping between our screen and that of Weiss et al.,
a conserved hypothetical gene (FTN_1312) and xasA, an acid/
polyamine/choline superfamily protein involved in amino acid
transport (FTN_0571), we did not confirm loss in the output
pool for spleen but did see loss in lung and/or liver. As the role
in virulence was not subsequently validated for either of these
genes in the previous studies, they may represent false posi-
tives. Alternatively, mutation of these genes may result in a
partial virulence phenotype that depends on inoculation size or
site, which differed from those in our study.

The Francisella tularensis subsp. holartica LVS intranasal
infection screen identified 95 mutants attenuated for coloniza-
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tion of the lung (40). Three of the six genes overlapping with
our screen (lon, encoding the ATP-dependent protease La that
also binds strongly to DNA [FTN_1055], capC [described
above], and a gene for a conserved protein of unknown func-
tion [FTN_1199]) showed a phenotype in our screen. We did
not receive data for the lon gene in lung, but we found capC
and FTN_1199 mutants present in the output of lung at all
time points. In contrast, all three mutants were lost in liver or
spleen in our screen, suggesting that these genes are involved
in dissemination or survival in distal organ sites if not abso-
lutely required in the lung under the high-dose conditions used
in our screen. Our results for the remaining three genes
showed inconsistent loss in lung and spleen or in spleen only.

All three screens investigated the genes within the Fran-
cisella pathogenicity island. Weiss et al. found loss for all mu-
tants with mutations mapping to genes within the island (43),
whereas Su et al. (40) observed loss only for mutants in the
intracellular growth locus (iglA, igIB, and iglC). All genes of the
Francisella pathogenicity island were represented in the 11
deposition pools of our screen, but we received results in the
output pool for only a subset of genes. FTN_1321 (ig/D) and
FTN_1312 showed loss in either lung and liver or all three
organs. All the other genes with data (FTN_1311, FTN_1314,
FTN_1320, FTN_1324 [igl4], FTN_1325 [pdpD], and FTN_
1326) appeared to be present, including in spleen.

The small overlap of only 13 genes with the results from
Weiss et al. and 6 genes with those from Su et al. indicate that
route of exposure or differences in the complexity of the pools
used for infection may influence outcomes in the primary and
disseminating organs. Alternatively, this may reflect the pres-
ence of redundant pathways contributing to survival in the host
such that inactivation of any one pathway gives only partial or
variable attenuation of infection. A closer examination of our
results suggests that the lack of a phenotype for these and
other genes in our screen results from the stringent cutoff that
we used for inclusion as candidate virulence genes. A less
stringent cutoff that does not exclude inconsistencies between
the primary and secondary screens would have doubled the
number of genes overlapping with the results from Weiss et al.
to 26 genes. Since we pooled outputs from four animals in our
experiment, a clone lost in a subset of animals could still give
a robust signal in the output pool. While we sought to identify
the most severely attenuated mutants, study of genes with
partial phenotypes could yield important information regard-
ing mechanisms of pathogenesis.

We chose eight genes with a range of behaviors in the in-
fection pools and from several different functional categories
to be validated by single-strain infections. In general, mutants
showing inconsistent phenotypes across organs or screens (Fig.
4) showed little or no phenotype when tested individually for
the ability to induce disease and death (Table 2). In contrast,
two genes, those for a putative ATP synthase epsilon subunit
homolog (atpC, FTN_1645) and a thioredoxin (FTN_1415),
showed consistent loss in lung and/or dissemination organs
(liver/spleen) in multiple screens (Fig. 4) and either complete
or much longer mean survival of infected mice during single-
strain infections (Table 2). Thus, the degree of virulence at-
tenuation during single-strain infection correlated with ob-
served behavior during complex pool infections measured by
microarrays.
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The mutation in the most severely attenuated mutant con-
firmed in our screen mapped to the epsilon subunit of FF,-
ATP synthase. F_F,-ATP synthases are membrane-bound en-
zymes catalyzing synthesis of ATP from ADP and inorganic
phosphate using the energy of transmembrane electrochemical
potential difference. The enzyme can also work as an ATPase,
hydrolyzing ATP to generate an electrochemical gradient of
protons (2, 37, 48). The enzyme consist of two main subcom-
plexes: F, contains five subunits (a, B, v, 8, and €), has the
catalytic sites of the enzyme, and is cytosolic, whereas F_ con-
sists of three subunits (a, b, and c), is embedded in the mem-
brane, and translocates protons across the membrane. In F.
novicida, all the ATPase genes are arranged in a single operon
(31). This enzyme is generally essential, and transposon inser-
tions were recovered only in the epsilon subunit during con-
struction of the transposon mutant library (12). The epsilon
subunit is thought to be a regulatory subunit (10) which lies at
the interface of F, and F, (21) and acts as an inhibitor of ATP
hydrolysis activity in F, alone, as well as in the entire F,F,
enzyme (19, 38). The mutant that we evaluated had a trans-
poson insertion in the C-terminal domain of the epsilon sub-
unit. Several studies have shown that the C-terminal domain in
not absolutely required for oxidative phosphorylation but is
necessary for the inhibition of ATPase activity (20, 47). This
transposon mutant was able to grow on succinate, suggesting
that oxidative phosphorylation is indeed intact (M. Enstrom
and C. Manoil, unpublished observations). Thus, ATPase in-
hibition activity appears to be required for Francisella viru-
lence.

The protection afforded by primary infection with the atpC
mutant against secondary airborne challenge with wild-type
Francisella is not a universal result with attenuated mutants:
previous reports have shown that infection with an ig/C mutant
is protective against nasal challenge (28), whereas infection
with an mgl4 mutant was not protective (44). In contrast, lipid
A mutant strains provided protection against lethal wild-type
Francisella infection via both pulmonary and subcutaneous
routes of infection (18), and some purine mutants elicited
protective immunity in a systemic challenge model (30). These
observations suggest that the capacity of the afpC mutant to
cause systemic infection was important to the development of
protective immunity.

In addition to the avirulent phenotype of an afpC gene
(FTN_1645) transposon mutant, a transposon insertion in
FTN_1415, encoding a thioredoxin, showed a dose-dependent
survival that was significantly higher than that for all the other
mutants tested in single-strain infections. Thioredoxins are of-
ten regulated by external factors and fulfill a number of dif-
ferent important cellular functions in all living organisms,
including DNA synthesis and protein repair by acting as hy-
drogen donor for peroxidases (17). In E. coli, proteomic anal-
ysis revealed many thioredoxin-targeted proteins involved in at
least 26 distinct cellular processes that include cell division,
transcriptional regulation, energy transduction, protein folding
and degradation, and biosynthetic pathways (22). In addition,
thioredoxins play an important role in the oxidative stress
response by functioning as a scavenger for reactive oxygen
species. Since Francisella tularensis resides in mononuclear
phagocytes, thioredoxin’s role in scavenging free radicals pro-
duced by mononuclear phagocytes upon infection could be a
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mechanism for resistance to intracellular killing. Interestingly,
this thioredoxin mutant was able to grow in cultured macro-
phages, though the macrophages were not activated. A re-
cently published proteomics study (15) found that MglA, a
transcriptional regulator of Francisella tularensis’ virulence,
regulates many genes involved in responses to starvation and
oxidative stress, including those for thioredoxin (FTN_1415)
glutathione synthetase (FTN_0804), peroxiredoxins (FTN_
0958 and FTN_0973), peroxidase (FTN0633), NADPH-qui-
none reductase (FTN_0840), and glutaredoxins (FTN_1033
and FTN_0982). All of these proteins have redundant func-
tions that participate in resistance to reactive oxygen species.
For a subset of these genes we received results in our screen.
In addition to thioredoxin mutants, we also found NADPH-
quinone reductase mutants lost in lung and liver, whereas the
peroxiredoxin (FTN_0973) mutants and the peroxidase mu-
tants did not show a phenotype in the screen. Thus, thiore-
doxin may be a dominant defense against oxidative damage
during infection.

One of the targets of reactive oxygen species in the bacterial
cell is DNA, and in another intracellular pathogen of macro-
phages, Salmonella enterica serovar Typhimurium, recombina-
tion-based DNA repair proteins promote survival in the host
(4, 36). Among the mutants we tested that showed a slight
increase in mean survival during single-strain infections were
recA and recO mutants, which showed up to 1 day longer
survival than the wild type. This nearly wild-type behavior of
the recombination-base DNA repair homologue mutants could
suggest that Francisella does not experience a significant
amount of DNA damage during infection. This prediction is
consistent with the relative absence of inflammation even in
the context of high bacterial loads in the lung (34, 35, 45).
Alternatively, Francisella has mechanisms, which may include
upregulation of thioredoxin, to neutralize reactive oxygen and
nitrogen species that it does encounter.

The two attenutated/avirulent mutants discussed above (thio-
redoxin and atpC) are part of a group of nine genes (Table 1)
that were all lost in all three organs. In particular, the partial
loss-of-function mutation in atpC was both avirulent and pro-
vided protection from subsequent challenge with wild-type
bacteria. Study of additional genes identified by our screen,
particularly those genes lost in the output pools of all three
organs, may lead to further advances in understanding Fran-
cisella virulence mechanisms and identify additional vaccine
candidates.
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