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ABSTRACT Francisella tularensis, the causative agent of tularemia, lacks typical bac-
terial virulence factors and toxins but still exhibits extreme virulence. The bacterial
multidrug efflux systems consist of an inner membrane, a transmembrane mem-
brane fusion protein, and an outer membrane (OM) component that form a contigu-
ous channel for the secretion of a multitude of bacterial products. Francisella con-
tains three orthologs of the OM proteins; two of these, termed TolC and FtIC, are
important for tularemia pathogenesis. The third OM protein, SilC, is homologous to
the silver cation efflux protein of other bacterial pathogens. The silC gene (FTL_0686)
is located on an operon encoding an Emr-type multidrug efflux pump of F. tularen-
sis. The role of SilC in tularemia pathogenesis is not known. In this study, we investi-
gated the role of SilC in secretion and virulence of F. tularensis by generating a silC
gene deletion (AsilC) mutant and its transcomplemented strain. Our results demon-
strate that the AsilC mutant exhibits increased sensitivity to antibiotics, oxidants, sil-
ver, diminished intramacrophage growth, and attenuated virulence in mice com-
pared to wild-type F. tularensis. However, the secretion of antioxidant enzymes of F.
tularensis is not impaired in the AsilC mutant. The virulence of the AsilC mutant is
restored in NADPH oxidase-deficient mice, indicating that SilC resists oxidative stress
in vivo. Collectively, this study demonstrates that the OM component SilC serves a
specialized role in virulence of F. tularensis by conferring resistance against oxidative
stress and silver.

IMPORTANCE Francisella tularensis, the causative agent of a fatal human disease
known as tularemia, is a category A select agent and a potential bioterror agent.
The virulence mechanisms of Francisella are not completely understood. This study
investigated the role of a unique outer membrane protein, SilC, of a multidrug efflux
pump in the virulence of F. tularensis. This is the first report demonstrating that the
OM component SilC plays an important role in efflux of silver and contributes to the
virulence of F. tularensis primarily by providing resistance against oxidative stress.
Characterization of these unique virulence mechanisms will provide an understand-
ing of the pathogenesis of tularemia and identification of potential targets for the
development of effective therapeutics and prophylactics for protection from this le-
thal disease.

KEYWORDS Francisella tularensis, TolC, multidrug efflux pumps, oxidative stress,
virulence

he Centers for Disease Control and Prevention has classified Francisella tularensis as
a tier 1 category A select agent and a potential bioterror agent due to its extreme
virulence, the ease of aerosol dissemination of this organism, and the lack of effective
prophylactic measures against it (1-3). F. tularensis is a Gram-negative intracellular
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bacterial pathogen. The strains responsible for causing a fatal human disease known as
tularemia belong to F. tularensis subsp. tularensis and F. tularensis subsp. holarctica. The
live vaccine strain (LVS) is a derivative of F. tularensis subsp. holarctica. The LVS is used
as a vaccine against tularemia in several countries; however, adverse reactions in
immunized individuals and insufficient protection against respiratory tularemia caused
by highly virulent F. tularensis strains have prevented its licensure in the United States
(4). Due to its attenuated virulence in humans, the LVS serves as an excellent surrogate
to highly virulent strains to study tularemia pathogenesis.

F. tularensis virulence is mediated to some extent by the ability of the bacteria to
replicate inside macrophages and several other cell types such as neutrophils, dendritic
cells, and lung epithelial cells (5-7). The F. tularensis genome encodes components of
putative type |, type Il, type V, and type VI secretion systems (T1SS, T2SS, T5SS, and
T6SS) (8). Components of TAT and Sec secretion systems are also present; however,
type Il and type IV secretion systems are absent in Francisella (8, 9). Components of the
type IV pili and the T6SS are encoded by Francisella pathogenicity island (FPI) (10). T1SS
is the simplest of all the secretions systems and is comprised of an inner membrane (IM)
component, a membrane fusion protein (MFP) component that spans the inner and the
outer membranes, and an outer membrane (OM) component that serves as a porin.
These three components form a contiguous channel for the secretion of a multitude of
bacterial products, including toxins. The multidrug transporters/efflux pumps have a
structure similar to that of a prototypical T1SS (11). These multidrug efflux pumps are
used by pathogenic bacteria to confer resistance against antibiotics, dyes, detergents,
and antimicrobial agents (12, 13). The multidrug transporters are classified into five
families: the ATP binding cassette (ABC) superfamily, the major facilitator superfamily
(MFS), the multidrug and toxic-compound extrusion (MATE) family, the small multidrug
resistance (SMR) family, and the resistance nodulation division (RND) family. T1SSs are
architecturally related to the MFS and the RND family of multidrug efflux pumps due
to their tripartite organization. F. tularensis has been predicted to encode 31 MFS
transport and 15 functional ABC systems. However, the roles of a majority of these
multidrug efflux systems in the resistance to antibiotics, intracellular survival, and
virulence of F. tularensis are not known (14).

The RND efflux systems are composed of an inner membrane-associated efflux
protein (AcrB), an MFP located in the periplasmic space (AcrA), and an outer membrane
protein that is homologous to the TolC protein found in Escherichia coli. The functional
roles of the Francisella RND-type AcrAB multidrug efflux pump have been characterized.
AcrB of the F. tularensis LVS RND transporter is required for resistance against several
antibiotics and antimicrobial compounds and for virulence in mice (15). In contrast,
AcrAB components of the RND pump of the virulent F. tularensis strain SchuS4 are
required for efflux of antibiotics, dyes, and detergents but not for virulence in mice (16).
In addition to the AcrAB-type RND system, Francisella also possesses an Emr-type MFS
multidrug efflux system. We have reported that the Emr-type MFS is unique in F.
tularensis and is composed of an IM component, EmrB (FTL_0688), an MFP, EmrA1
(FTL_0687), and an OM component, SilC (FTL_0686). Unlike the AcrAB system, in which
the genes acrA and acrB are located on the same operon while the OM component
genes for tolC and fItC are transcribed at a distant location, all three of the genes
encoding the Emr multidrug efflux pump of F. tularensis are positioned adjacently and
are transcribed as an operon (17). In our previous study, we characterized the role of
EmrA1, the MFP component of the Emr multidrug efflux pump. We have demonstrated
that EmrA1 contributes to antibiotic resistance, intramacrophage survival, and virulence
in mice. Most importantly, we have demonstrated that the loss of emrAT is associated
with enhanced sensitivity of the emrAT mutant to oxidants and impaired secretion of
antioxidant enzymes catalase (KatG) and superoxide dismutase B (SodB) (17). These
results indicate that the Emr multidrug efflux system of F. tularensis is designed to serve
a unique role by providing resistance to oxidative stress.

Genomic and bioinformatic analyses of F. tularensis have confirmed the existence of
three genes that have a high sequence homology with the OM component TolC of E.
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FIG 1 Genomic organization of the silC gene and generation of the AsilC mutant of F. tularensis. (A)
Genomic organization of the silC gene of F. tularensis LVS. The thin arrows and the arrowheads indicate
the location of the flanking primers and primers internal to the silC gene, respectively, used for the
confirmation of silC gene deletion. (B and C) Confirmation of silC gene deletion by PCR using flanking
primers (B) and primers internal to the silC gene (C). sodB gene-specific primers were used as internal
controls.

coli and other bacterial TolC orthologs. These genes are tolC (FTL_1865), ftIC (FTL_1107),
and silC (FTL_0686) (18). The OM components TolC and FtIC of F. tularensis LVS are
required for resistance against antibiotics, dyes, and detergents (19). However, the
requirement of only TolC but not of FtIC for virulence in mice indicates a nonredundant
role of these OM proteins of F. tularensis LVS. Moreover, the tolC gene deletion mutant
of F. tularensis SchuS4 is only partially attenuated for virulence in mice. TolC is also
required for survival in macrophages, dissemination in mouse infection model, sup-
pression of proinflammatory innate immune response, and apoptotic cell death (20, 21).
However, the induction of apoptosis in neutrophils is independent of TolC (22). The
virulence factors of F. tularensis that are secreted in a TolC/FtIC-dependent fashion are
not known. It has been suggested that the OM components TolC and FtIC act in
conjunction with the AcrAB multidrug efflux system (15). The role of the third OM
component, SilC, in F. tularensis secretion and virulence is unknown. Based on the
unique genomic organization and close proximity of silC to genes of the Emr multidrug
efflux system, in this study we investigated if the OM protein SilC is designed to act in
conjunction with the MFP EmrA1 and IM protein EmrB of F. tularensis. The results
demonstrate that SilC, similar to EmrA1, serves a specialized role by contributing to
oxidant and silver resistance of F. tularensis.

RESULTS

Genomic organization of the silC gene and confirmation of AsilC mutant and
transcomplemented strains. silC (FTL _0686) of F. tularensis LVS is the last gene of the
Emr locus and is cotranscribed with the emrA1 (FTL_0687) and emrB (FTL_0688) genes
(17). These three genes encode a tripartite Emr MFS-type multidrug efflux pump (Fig.
1A). The silC gene encodes a 490-amino-acid-long protein annotated as a TolC-like
outer membrane protein, SilC. The SilC is highly conserved among F. tularensis strains.
Multiple-amino-acid alignment analysis with Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo) revealed 99.59% identity with SilC of F. tularensis SchuS4 (FTT_1257)
and 99.39% identity with SilC of Francisella novicida (FTN_1277). Further, the SilC
protein sequence alignment using BLAST analysis (https://blast.ncbi.nim.nih.gov) re-
vealed that the SilC protein of F. tularensis LVS belongs to the TolC family of outer
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TABLE 1 Sensitivities of F. tularensis LVS, the AsilC mutant, and the transcomplemented strain AsilC+psilC to antibiotics, detergent, and

dyes

Antibiotic, detergent, Zone of inhibition (mm)<

or dye Concn (pg/disc) F. tularensis LVS AsilC mutant AsilC+psilC
Streptomycin 1.25 14.667 = 0.33 17 = 0° 14=*0

5 19.33 £0.33 23.33 = 0.33¢ 19.33 £0.33
Nalidixic acid 1.88 20.66 = 0.33 20.66 + 0.33 20.66 = 0.33

3.75 26.33 = 0.33 260 25.667 = 0.33

30 4150+ 1.0 46.75 + 4.92 ND®
Chloramphenicol 3.75 275*15 28 =2 29+ 1

5.0 325*£1.0 35.75 = 2.18 ND
Novobiocin 7.5 13.5*+0.5 13.5*+0.5 13.5*+0.5

15 16.5*+ 0.5 175 =05 18*+0

30 21.75 * 2.36 22.75 *+3.10 ND
Tetracycline 3.75 25*+05 25*+05 26 * 1

7.5 311 305 %05 3005
Neomycin 3.75 11.33 £0.33 11*0 11.33 £0.33

7.5 19.667 = 0.33 19.33 £ 0.33 19.33 £ 0.667
Erythromycin 15 6*+0 6*+0 6*+0

45 6*0 6+0 6*0
Gentamicin 1.25 22 1 2150+ 1.5 2150+ 1.5

25 260 25.5 £ 0.50 25.5£0.50
SDS 750 15.53 £0.58 16.67 * 0.58 ND
Ethidium bromide 5 15.33 £ 0.58 13.67 = 1.53 ND
Acriflavine 25 20.33 £ 0.58 20.33 = 0.58 ND

aSignificantly higher than in F. tularensis LVS or the transcomplemented strain (P < 0.05) by one-way ANOVA.

bND, not determined.
“Boldface indicate enhanced sensitivity of the AsilC mutant to these antibiotics.

membrane proteins that include NodT family outer membrane lipoproteins and the
copper/silver efflux system outer membrane protein CusC. SilC of F. tularensis LVS
shares an overall 25% identity with the copper/silver efflux system outer membrane
component CusC of Escherichia coli K-12. SilC protein exhibits 21.03% identity with TolC
and 22% identity with FtIC of F. tularensis LVS.

The deletion of the silC gene in the AsilC mutant was confirmed by PCR using the
primers flanking the upstream FTL_0685 and the downstream FTL_0687 genes. The
deletion of the silC gene was indicated by the presence of an amplification product
smaller than that obtained for the wild-type F. tularensis LVS (Fig. 1B). We further
confirmed the silC gene deletion using silC gene-specific primers. Both the wild-type F.
tularensis LVS and the transcomplemented strain amplified a fragment internal to the
silC gene. The absence of an amplification product confirmed the silC gene deletion.
sodB gene-specific primers were used as an internal control (Fig. 1C). DNA sequencing
of the flanking region confirmed the deletion of the silC gene in the AsilC mutant (not
shown).

SilC does not contribute to resistance against dyes and detergents but confers
resistance to antibiotics. Since the other two OM components, TolC and FtIC, of F.
tularensis have been shown to be required for resistance against detergents, dyes, and
antibiotics (19), we investigated if SilC has a similar role. The sensitivity of the AsilC
mutant to dyes, detergents, and antibiotics was determined by disc diffusion assays. It
was observed that the AsilC mutant did not show any enhanced sensitivity to detergent
such as SDS and dyes such as ethidium bromide and acriflavine compared to the
wild-type F. tularensis LVS (Table 1).

The antibiotic sensitivity testing revealed that the AsilC mutant exhibits slightly
enhanced sensitivities to streptomycin, nalidixic acid, and chloramphenicol but not to
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FIG 2 The AsilC mutant of F. tularensis LVS exhibits enhanced sensitivity to superoxide-generating
compounds. The sensitivities of the wild-type F. tularensis (Ft) LVS, the AsilC mutant, and the trans-
complemented strain AsilC+psilC were determined by disc diffusion and bacterial killing assays against
superoxide-generating compounds paraquat (A and C) and pyrogallol (B and D) using the protocols and
concentrations described in Materials and Methods. For disc diffusion assays, the results are expressed
as the zone of inhibition diameters in millimeters in means * standard deviations (SD) for triplicate
samples. In the bacterial killing assay, the Francisella strains were exposed to serially diluted paraquat and
pyrogallol for 1 h and spotted onto MH chocolate agar plates to determine the bacterial killing. The
arrows in panels C and D indicate the concentrations of paraquat and pyrogallol that resulted in
enhanced killing of the AsilC mutant. The results shown are representative of 3 independent experi-
ments, which yielded identical results. The P values were determined by one-way ANOVA, and a P value
of <0.05 is considered statistically significant. *, P < 0.05; **, P < 0.01.

other antibiotics tested, such as neomycin, novobiocin, erythromycin, tetracycline, and
gentamicin, compared to the wild-type F. tularensis LVS or the transcomplemented
strain (Table 1). Collectively, these results indicate that SilC does not contribute to
resistance against detergent and dyes but strains lacking it exhibit a small increase in
susceptibility to some antibiotics.

The AsilC mutant of F. tularensis LVS exhibits enhanced sensitivity to oxidants.
Our previous study has shown that the mutant of the emrAT gene is extremely sensitive
to the superoxide-generating compound pyrogallol and H,O, (17). We next investi-
gated if the AsilC mutant of F. tularensis LVS exhibits a similar oxidant-sensitive
phenotype. The sensitivity of the AsilC mutant to superoxide-generating compounds
paraquat and pyrogallol and to peroxides, such as cumene hydroperoxide (CHP),
tert-butyl hydroperoxide (TBH), and H,O,, was determined by disc diffusion assay,
bacterial killing assay, and growth curve analysis. It was observed that the AsilC mutant
is sensitive to the superoxide-generating compounds paraquat and pyrogallol, as
indicated by larger zones of inhibition for the AsilC mutant than those obtained for
the wild-type F. tularensis LVS and the transcomplemented strain in disc diffusion
assays (Fig. 2A and B) and by enhanced killing in bacterial killing assays following
1 h of exposure to increasing concentrations of both paraquat and pyragallol (Fig.
2C and D).

Similar to what was seen with paraquat and pyrogallol, the Asi/C mutant was also
observed to be sensitive to the organic peroxides TBH and CHP compared to wild-type
F. tularensis LVS or the transcomplemented strain when tested either by disc diffusion
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FIG 3 The AsilC mutant of F. tularensis LVS exhibits enhanced sensitivity to organic peroxides but not to
H,O,. (A to F) The sensitivities of the wild-type F. tularensis (Ft) LVS, the AsilC mutant, and the
transcomplemented strain AsilC+psilC to organic peroxides tert-butyl hydroperoxide (TBH) (A and B),
cumene hydroperoxide (CHP) (C and D), and H,0, (E and F) were determined by disc diffusion and
bacterial killing assays using the protocols and concentrations described in Materials and Methods. For
disc diffusion assays, the results are expressed as the diameters of the zone of inhibition in millimeters
in means = SD for triplicate samples. In bacterial killing assays, the Francisella strains were exposed to
serially diluted TBH, CHP, and H,O, for 1 and 3 h and spotted onto MH chocolate agar plates to
determine the bacterial killing. The arrows in panels B and D indicate the concentrations of TBH and CHP,
respectively, that resulted in enhanced killing of the AsilC mutant. (G) Growth curves of the wild-type F.
tularensis and the AsilC mutant in the absence or presence of 2 mM H,0,. The results shown are
representative of 3 independent experiments, which yielded identical results. The P values were
determined by one-way ANOVA, and a P value of <0.05 is considered statistically significant. **, P < 0.01;
*** P < 0.001.

or the bacterial killing assay (Fig. 3A to D). However, unlike the organic peroxides TBH
and CHP, the AsilC mutant did not exhibit any enhanced sensitivity to H,O, either by
disc diffusion or the bacterial killing assay (Fig. 3E and F). We also confirmed these
findings by generating growth curves. The growth of the AsilC mutant remained similar
to that of the wild-type F. tularensis LVS irrespective of the presence or absence of H,0,
in the growth medium (Fig. 3G).

Since the emrA1 mutant of F. tularensis also shows an enhanced sensitivity to
oxidants, we next made side-by-side comparisons of the AsilC and the emrAT mutants
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FIG 4 The sensitivity of the AsilC mutant of F. tularensis to superoxide-generating compounds is similar to that
observed for the emrA1 mutant. The sensitivities of the wild-type F. tularensis (Ft) LVS, the AsilC mutant, and the
emrA1 mutant to superoxide-generating compounds paraquat (A and B) and pyrogallol (C and D) were determined
by disc diffusion and bacterial killing assays using the protocols and concentrations described in Materials and
Methods. For disc diffusion assays, the results are expressed as diameters of zone of inhibition in millimeters in
means = SD for triplicate samples. In bacterial killing assays, the Francisella strains were exposed to serially diluted
paraquat and pyrogallol for 1 and 3 h and spotted onto MH chocolate agar plates to determine the bacterial killing.
The arrows in panels B and D indicate the concentrations of paraquat and pyrogallol, respectively, that resulted in
enhanced killing of the AsilC and emrA1 mutants. The results shown are representative of 3 independent
experiments, which yielded identical results. The P values were determined by one-way ANOVA, and a P value of
<0.05 is considered statistically significant. **, P < 0.01; ***, P < 0.001.

for their sensitivities to the superoxide-generating compounds paraquat and pyrogallol
and the organic peroxides TBH, CHP, and H,0O,. The AsilC mutant was found to be as
sensitive as the emrA7 mutant to both paraquat and pyrogallol (Fig. 4). The emrA1
mutant showed an enhanced sensitivity to TBH and CHP compared to the wild-type F.
tularensis LVS. The AsilC mutant was also as sensitive as the emrAT mutant to TBH and
CHP (Fig. 5A to D). The emrAT1 mutant, as reported earlier (17), was found to be highly
sensitive to H,0,, while the AsilC mutant did not show any enhanced sensitivity to H,0,
(Fig. 5E and F). Growth curves generated in the presence of H,O, also supported the
results obtained with disc diffusion and bacterial killing assays in that the loss of silC did
not enhance the sensitivity of the AsilC mutant to H,O,. Collectively, these results
demonstrate that the loss of silC enhances the sensitivity of the AsilC mutant to
oxidants such as superoxide-generating compounds and organic peroxides, a pheno-
type similar to that observed for the emrAT mutant. However, interestingly, unlike the
emrA1 mutant, the AsilC mutant does not exhibit any enhanced sensitivity to H,O..
The antioxidant enzymes SodB and KatG are present in the culture superna-
tants of the AsilC mutant. We have reported earlier that the emrA7 mutant of F.
tularensis LVS fails to secrete antioxidant enzymes SodB and KatG in the culture
supernatants (17). We next investigated if the AsilC mutant is also defective for
secretion of these antioxidant enzymes of F. tularensis. Western blot analysis was
performed for detection of SodB and KatG in culture supernatants of the AsilC mutant
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FIG 5 The sensitivity of the AsilC mutant of F. tularensis to organic peroxides is similar to that observed for the emrA7 mutant,
but the mutants’ sensitivities to hydrogen peroxide differ. (A to F) The sensitivities of the wild-type F. tularensis (Ft) LVS, the
AsilC mutant, and the emrAT mutant to organic peroxides tert-butyl hydroperoxide (TBH) (A and B), cumene hydroperoxide
(CHP) (C and D), and hydrogen peroxide (H,0,) (E and F) were determined by disc diffusion and bacterial killing assays using
the concentrations described in Materials and Methods. For disc diffusion assays, the results are expressed as diameters of zone
of inhibition in millimeters in means = SD for triplicate samples. In bacterial killing assays, the Francisella strains were exposed
to serially diluted compounds for 1 and 3 h and spotted onto MH chocolate agar plates to determine the bacterial killing. The
arrows indicate the concentrations of TBH and CHP that resulted in enhanced killing of the AsilC and the emrAT mutants (B
and D) and the emrA1 mutant (F). (G) Growth curves of the wild-type F. tularensis and the AsilC and the emrAT mutants grown
in Mueller-Hinton broth (MHB) in the absence or presence of 2 mM H,O,. The results shown are representative of 3
independent experiments, which yielded identical results. The P values were determined by one-way ANOVA, and a P value
of <0.05 is considered statistically significant. **, P < 0.01; ***, P < 0.001.
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FIG 6 Loss of SilC does not affect the secretion of antioxidant enzymes KatG or SodB. (A) Cultures of F.
tularensis (Ft) LVS and the AsilC mutant were grown in Chamberlain’s defined medium (CDM). The culture
filtrates (supernatants) or the lysates of the bacterial pellets were analyzed at the indicated times by
Western blot analysis using anti-SodB and anti-KatG antibodies. (B) Cultures of F. tularensis (Ft) LVS and
the AsilC and emrA1 mutants were grown in CDM or Mueller-Hinton broth (MHB) for 12 h. The culture
filtrates (supernatants) or the lysates of the bacterial pellets were analyzed at the indicated times by
Western blot analysis using anti-SodB and anti-KatG and anti-Rp1L antibodies.
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or the wild-type F. tularensis LVS after 4, 8, and 12 h of growth in Chamberlain’s defined
medium (CDM). Bacterial lysates collected at similar time points were also analyzed for
the presence of these two antioxidant enzymes. It was observed that similar to the
bacterial lysates, both SodB and KatG were also detected in culture supernatants of the
wild-type F. tularensis LVS as well as the AsilC mutant (Fig. 6A). Since these results were
in contrast to what we have reported for the emrA7 mutant in our previous study (17),
we made a side-by-side comparison of the AsilC and the emrA1 mutants. The mutants
were grown in CDM or Mueller-Hinton broth (MHB) for a period of 12 h, and the culture
supernatants and the bacterial lysates were analyzed for the presence of SodB and
KatG. Both SodB and KatG were absent from the culture supernatants of the emrA1
mutant but were present in those from the AsilC mutant (Fig. 6B).

To ascertain if the presence of SodB and katG in the culture supernatants of the AsilC
mutant was not due to enhanced lysis of the AsilC mutant, we stripped and reprobed
the blots from the bacterial lysates and the culture supernatants with antibodies
against the ribosomal protein Rp1L, which is present exclusively in the bacterial cytosol
and is released in the culture supernatants only upon bacterial lysis. The Western blot
analysis with anti-Rp1L antibodies revealed the presence of Rp1L in bacterial lysates but
not in the culture supernatants of all the bacterial strains tested (Fig. 6B). Collectively,
these results demonstrate that the loss of the OM protein SilC is not associated with
impaired secretion of Francisella antioxidant enzymes in the culture supernatants.

The AsilC mutant exhibits enhanced sensitivity to silver. Since SilC of F. tularensis
is homologous to the silver cation efflux protein in other bacterial pathogens (18), a
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FIG 7 Both the AsilC and the emrAT mutants are highly sensitive to silver. Sensitivities of the wild-type
F. tularensis (Ft) LVS, the AsilC mutant, and the emrAT mutant to silver as determined by killing assays
against silver nitrate as described in Materials and Methods. The Francisella strains were exposed to
serially diluted silver nitrate for 1 and 3 h and spotted onto MH chocolate agar plates to determine the
level of bacterial killing.

protein that is involved in resistance to silver, we next investigated if the loss of silC
results in enhanced sensitivity of the AsilC mutant to silver nitrate. The AsilC mutant was
found to be sensitive to silver nitrate. The emrAT mutant exhibited even higher
sensitivity to silver nitrate than that observed for the AsilC mutant after 1 h of exposure
to silver nitrate. However, an identical bacterial killing pattern was observed for both
the AsilC and the emrA7 mutants after 3 h of exposure to silver nitrate (Fig. 7).
Collectively, these results demonstrate that the Emr efflux system of F. tularensis is
required for the efflux of silver.

The AsilC mutant is attenuated for intramacrophage growth and virulence in
mice. We next investigated the requirement of SilC for survival and growth in macro-
phages and for virulence in mice. RAW 264.7 macrophages were infected with the
wild-type F. tularensis LVS, the AsilC mutant, and the transcomplemented strain at a
multiplicity of infection (MOI) of 100. The cells were lysed at 4 and 24 h of infection to
determine the number of bacteria that entered the macrophages and replicated
intracellularly, respectively. It was observed that equal numbers of all three bacterial
strains entered the macrophages at 4 h. However, the AsilC mutant failed to replicate
in macrophages and the number of bacteria recovered after 24 h of infection was
similar to that observed after 4 h of infection. In contrast, the numbers of F. tularensis
LVS and the transcomplemented strain isolates increased nearly 10- to 15-fold at 24 h
postinfection. These results demonstrate that the AsilC mutant is attenuated for intra-
macrophage growth (Fig. 8A).

To investigate the role of SilC in virulence, wild-type C57BL/6 and phox~/~ mice
were infected intranasally (i.n.) with 1 X 10% 1 X 10° or 1 X 10° CFU of the AsilC
mutant, which represents 1, 10, and 100 100% lethal doses (LD, ) of F. tularensis in our
hands, respectively. The infected mice were observed for morbidity and mortality. Mice
exhibiting signs of immobility and loss of more than 25% body weight were considered
moribund and were euthanized. It was observed that 100% of mice infected with F.
tularensis LVS succumbed to infection by day 11 postinfection. On the other hand,
100% of mice receiving 1 X 10% CFU of the AsilC mutant survived the infection (Fig. 8B).

Oxidant sensitivity of the AsilC mutant indicates that SilC may contribute to the
virulence by overcoming the oxidative stress. To investigate this notion, wild-type
C57BL/6 and phox—/~ mice deficient in NADPH oxidase were infected i.n. with 1 X 104,
1 X 105 and 1 X 108 CFU of the AsilC mutant and observed for morbidity and mortality.
It was observed that 100% of wild-type mice infected with 1 X 10* CFU and 50% of
mice infected with 1 X 10% or 1T X 10° CFU of the AsilC mutant survived the infection.
On the other hand, 80% of phox—/~ mice infected with 1 X 104 CFU of the AsilC mutant
and 100% of the mice receiving 1 X 10> or 1 X 10° CFU of the AsilC mutant succumbed
to infection (Fig. 8C to E). Collectively, these results indicate that SilC serves as
a virulence factor of F. tularensis and contributes to the intramacrophage survival and
virulence of F. tularensis. These results also indicate that SilC contributes to the
virulence of F. tularensis by resisting oxidative stress.
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FIG 8 The AsilC mutant of F. tularensis is attenuated for intramacrophage growth and virulence in mice,
and its virulence is restored in phox—/— mice. (A) RAW 264.7 macrophages were infected with the F.
tularensis (Ft) LVS, the AsilC mutant, or the transcomplemented strain (AsilC+psilC) at an MOI of 100 (n =
3 biological replicates). The cells were lysed at 4 and 24 h and plated on MH chocolate agar plates for
enumeration of bacterial CFU. The data are representative of three independent experiments, which
yielded identical results. The data are expressed as log,, CFU/milliliter. The data were analyzed by ANOVA
with a Tukey-Kramer posttest, and a cutoff P value of 0.05 or less was considered significant. Comparisons
are shown with Ft LVS. **, P < 0.01. (B, C, D, and E) C57BL/6 and phox—/— mice (n = 4/group) were
infected intranasally with the indicated doses of F. tularensis LVS or the AsilC mutant and observed for
mortality. The data from a single experiment are shown. The mice were observed for the indicated
periods for morbidity and mortality. The results are expressed as Kaplan-Meier survival curves, and the
P values were determined using the log rank test.

DISCUSSION

F. tularensis has been predicted to encode 31 major facilitator superfamily (MFS) and
15 functional ATP binding cassette (ABC) transport systems (14). These systems have a
very simple architecture and consist of three structural components, IM protein, MFP,
and the OM components. These three components form a contiguous channel for the
secretion of a multitude of substrates. Francisella contains three orthologs of the OM
proteins; two of these, termed TolC and FtlC, act in conjunction with an AcrAB-type
multidrug efflux pump and have been reported to be important for tularemia patho-
genesis (15, 16, 19-21). The third OM protein, SilC, is named for its homology with the
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silver cation efflux protein in other bacterial pathogens (18). The contribution of SilC in
tularemia pathogenesis is not known. In this study, we investigated the role of SilC in
the secretion and virulence of F. tularensis LVS. This is the first report demonstrating
that the OM component SilC serves as an important virulence factor of F. tularensis and
contributes to virulence primarily by providing resistance against oxidative stress.
The MFS-type Emr multidrug efflux system of F. tularensis appears to have several
unique features. In several Gram-negative bacterial pathogens, the emrB and emrA1
genes are cotranscribed while the OM gene encoding the TolC protein is transcribed at
a distant location. In E. coli and Salmonella, TolC serves as the functional OM protein for
the Emr multidrug efflux pumps (23, 24). In contrast, in F. tularensis the three genes
emrB, emrA1, and OM gene silC are adjacently positioned and constitute an operon (17).
This specific genomic organization suggests that the OM protein SilC is designed to act
in conjunction with the MFP EmrA1 and IM protein EmrB in F. tularensis. The notion that
SilC act in conjunction with EmrB and EmrA1 is supported by similarities observed in
the phenotypes of the emrAT and the AsilC mutants. Specifically, both EmrA1 and SilC
are not required for the efflux of detergents and dyes but are required for efflux of a
small subset of antibiotics. Most importantly, loss of either EmrA1 or SilC results in
enhanced sensitivity to the superoxide-generating compounds paraquat and pyrogal-
lol, to the organic peroxides TBH and CHP, and to silver, attenuated intramacrophage
survival, and attenuated virulence in mice. Moreover, the virulence of both the emrA1
(17) and the silC mutants is restored in NADPH-deficient mice, indicating a unique role
of this efflux system in providing resistance against oxidative stress. Taken together,
these similarities in the phenotypes of emrAl and silC mutants indicate that SilC
functions as the OM component of the Emr multidrug efflux pump of F. tularensis.
Besides these similarities in the phenotypes of the emrA7 and the AsilC mutants,
some differences were also observed. Specifically, the AsilC mutant was not found to be
sensitive to H,0, and unlike what occurred in the emrAT mutant, the secretion of the
antioxidant enzymes SodB and KatG was not impaired in the AsilC mutant. Apparently,
both of these antioxidant enzymes were found to be present at higher concentrations
in the culture supernatants of the AsilC mutant than those observed for the wild-type
F. tularensis LVS. The presence of these antioxidant enzymes in the culture supernatant
of the AsilC mutant was independent of the bacterial cell lysis. These observations are
intriguing and indicate that different mechanisms may be responsible for the H,0,
sensitivity of the emrA7 mutant and the AsilC mutant. We propose that the oxidant
sensitivity of the emrAT mutant may be attributable to its failure to secrete antioxidant
enzymes such as SodB and KatG. It has been demonstrated that in the to/A mutant of
Vibrio cholerae and E. coli, the loss of OM protein TolA is associated with elevated
oxidative stress due to the enhanced accumulation of reactive oxygen species and
changes in iron physiology. Further, the perturbed membrane integrity has been
shown to result in the leakage of cellular proteins into the culture supernatants (25). It
has also been reported that loss of TolC causes oxidative stress, resulting in elevated
activities of antioxidant enzymes glutathione reductase, catalase (KatA), and superoxide
dismutase (SodB) in Sinorhizobium meliloti (26). Similarly, the TolC-like protein of
Acinetobacter baumannii is also required for antimicrobial and oxidative stress resis-
tance (27). Based on these observations, we speculate that the oxidant sensitivity of the
AsilC mutant is due to the oxidative stress induced by the loss of OM protein SilC.
Another plausible explanation could be that SilC functions with the Emr efflux system
for pumping out some but not all the substrates or that other OM proteins participate
with the Emr efflux system for the efflux of H,0,. Many efflux systems exhibit inter-
changeability for the OM proteins. For example, it has been suggested that the AcrAB
system of Francisella can work with both TolC and FtIC (15, 19). Similarly, the AcrAB
system of E. coli shares TolC with AcrEF and a hemolysin secretion system (28). On the
contrary, such a flexibility for the OM proteins is not exhibited by the copper-silver (Cus)
efflux system, in which CusC is proposed to work only with the Cus efflux system and
is not replaceable by TolC due to its unique secondary structure (29). Since SilC is
homologous to the Cus efflux system OM proteins, it may be speculated that SilC may
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not be interchangeable with TolC. Nevertheless, the results demonstrating the resis-
tance of SilC to H,0, are intriguing, and understanding the underlying mechanisms of
this resistance will require additional studies.

The results from this study demonstrate a novel role of the Emr efflux system of
Francisella in providing resistance against silver compounds. Both the AsilC and the
emrA1 mutants were found to be extremely sensitive to silver. The role of the Emr efflux
system in resistance against heavy metal ions is also supported by the unique genomic
organization of the Emr locus. Similar to the Francisella Emr locus, the closely related
heavy metal cus and sil loci of E. coli and Salmonella, respectively (29, 30), are similarly
organized, and the OM protein is also a part of the operon. It has been reported that
the fish pathogen Francisella noatunensis is not killed by commercial silver nanopar-
ticles, which are bactericidal for a number of disease-causing bacteria in fish (31),
indicating an inherent resistance to silver across the Francisella species.

The results from this study also demonstrated that SilC serves specialized roles that
are different from those of the other two OM proteins, TolC and FtIC, of F. tularensis. The
primary differences are that unlike TolC and FtIC (19), SilC is not required for efflux of
detergent and dyes. Both the tolC and ft/IC mutants have been reported to be sensitive
to SDS, sodium deoxycholate, and ethidium bromide (19). However, we did not observe
any enhanced sensitivity of the AsilC mutant to these agents when they were used in
concentrations similar to those reported for the to/C or the ftIC mutants. The AsilC
mutant showed sensitivity only to streptomycin, nalidixic acid, and chloramphenicol,
while the tolC and the ftIC mutants, in addition to sensitivity to these antibiotics, also
exhibit sensitivities to a multitude of antibiotics, indicating their major role in efflux of
antibiotics (19). Neither TolC nor FtIC is required for survival in macrophages; in
contrast, the AsilC mutant was found to be attenuated for intramacrophage growth.
Moreover, TolC has been shown to be required for virulence when administered by the
intradermal route, which results in a less fulminate infection than that caused by i.n.
administration (19). We report that SilC is required for virulence in mice infected by the
i.n. route. The virulence of the tolC or ftIC mutant by the i.n. route is not known.

To conclude, this study demonstrates that the Emr- and AcrAB-type efflux pumps
have been designed to serve specific roles in tularemia pathogenesis. The association
of TolC/FtIC with the AcrAB RND multidrug efflux system and the similarities in
phenotypes of the acrB and tolC mutants indicate that these components act in concert
primarily to provide resistance against detergents, dyes, and antibiotics. Unlike the
emrAT or the AsilC mutant, the acrB and tolC mutants are not sensitive to oxidants, and
the mutation of the latter set of genes does not interfere with the secretion of
antioxidant enzymes (17). On the other hand, similarities in the oxidant-sensitive
phenotypes of the emrAT and the AsilC mutants indicate that these two components
of the Emr multidrug efflux system act in concert to serve a specialized role and
contribute to the virulence of F. tularensis by providing resistance against oxidative
stress. Given the extreme virulence of F. tularensis, characterization of such unique
virulence mechanisms will provide a detailed understanding of the pathogenesis of
tularemia and will also result in the identification of potential targets for the develop-
ment of effective therapeutics and prophylactics for protection from this lethal disease.

MATERIALS AND METHODS

Bacterial strains and media. The F. tularensis subsp. holarctica LVS (ATCC 29684; American Type
Culture Collection, Rockville, MD) used in this work was obtained from BEI Resources, Manassas, VA. The
deletion mutant of F. tularensis LVS (AsilC) and its transcomplemented strain (AsilC+psilC) were gener-
ated in this study. The emrAT mutant available in our lab and reported in a previous study was also used
(17). All work with these strains was conducted under biosafety level 2 (BSL2) containment conditions.
All bacterial stock cultures were grown at 37°C with 5% CO, on Mueller-Hinton (MH) chocolate agar
plates. After 48 h of growth, individual colonies were inoculated into MH broth (MHB) supplemented with
anhydrous calcium chloride, hydrous magnesium chloride, glucose, ferric pyrophosphate, and Isovitalex
(BD Biosciences, San Jose, CA). The cultures were grown at 37°C for 12 to 16 h with constant shaking.
Aliquots of mid-log-phase bacteria grown in MHB were stored at —80°C, and a frozen vial was thawed
in a 37°C water bath before use. The transcomplemented strain (AsilC+psilC) was grown on MH
chocolate agar or in MHB supplemented with hygromycin (Hygro; 100 ug/ml).
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TABLE 2 Bacterial strains, plasmids and sequences of the primers used in this study?

Journal of Bacteriology

Source or

Strain, plasmid, or primer Description, relevant genotype, or sequence reference
Strains

F. tularensis LVS Wild-type strain ATCC

F. tularensis AsilC mutant Deletion mutant of LVS silC gene This study

F. tularensis emrA1 mutant LVS FTL_0687:Tn5 Kan" 17

F. tularensis silC transcomplemented strain (AsilC+psilC)  LVS AsilC pMMO010 (pMP822+silC) Hygro® This study

E. coli DH5« F~ $80lacZAM15 A(lacZYA-argF)U169 recAl endA1 hsdR17(r,~ m, ") phoA Invitrogen

SUpE44 N~ thi-1 gyrA96 relA1

Plasmids

pMP822 E. coli-Francisella shuttle vector, Hygro® 36

pJC84 E. coli-Francisella suicide vector, Kan' 37

pMMO04 pJC84 + fused flanking fragment of silC gene, Kan® This study

pMMO010 pMP822 + silC, Hygro® This study
Primers for silC gene deletion

MP129 5'-CAAggatccTGCGCCTGTTGCAGTAATG-3’

MP130 5'-TGTTGTGACCTATAATGTATCTAC-3'

MP133 5'-GTAGATACATTATAGGTCACAACATTTGATGATTTTCTAGTTTAGTAAGG-3’

MP134 5'-TGATgtcgacTCTTTAGGTAATTCTCCCTTTTC-3’
Primers for confirmation of silC gene deletion

MP202 5'-TGATCTAGCTAAACCGATATTCGC-3’

MP203 5'-CACGTCTTAGCAAAAAAATGCA-3’

Primers for transcomplementation

MP278 5'-CAAggatccATGATACGAAATAAAATACTTCCT-3'
MP279 5'-TGATctcgagCTATTTATCAAAAGCTGGGTTATC-3’

aBases in lowercase letters represent restriction endonuclease sites: BamHI, ggatcc; Sall, gtcgac; Xhol, ctcgag.

Construction of silC gene deletion mutant (AsilC) and transcomplemented strains. The plasmid
vectors and sequences of the primer used are listed in Table 2. A gene deletion mutant (AsilC) was
generated by the allelic exchange method, while a transcomplemented strain of the AsilC mutant was
generated by incorporating a copy of the silC gene in trans as previously described with slight
modifications (32, 33). Briefly, to generate an in-frame AsilC (FTL_0686) mutant of F. tularensis LVS, a
1,078-bp 5’ fragment upstream of the start codon of the silC (FTL_0686) gene was generated by PCR
using primers MP129 and MP130 and a 1,139-bp 3’ downstream fragment of FTL_0686 with primers
MP133 and MP134. Both of the flanking primers, MP129 and MP134, were engineered with BamHI and
Sall restriction sites, respectively, at their 5 ends. The amplified fragments were fused together using an
overlapping extension PCR with primers MP129 and MP134, generating a 2,217-bp fragment. The fused
fragment was cloned into pJC84, a suicide vector, at BamHI and Sall restriction sites, resulting in plasmid
pMMO4. After verification by PCR, the pMMO04 was transformed into F. tularensis LVS by electroporation,
and colonies were selected on MH chocolate agar plates containing kanamycin (Kan; 25 pg/ml). For
sucrose counterselection, kanamycin-resistant clones were grown to an optical density at 600 nm (ODy,)
of 0.5 in MHB at 37°C with shaking, and sucrose at a final concentration of 5% was then added. The
cultures were incubated for an additional 2 h, serially diluted, plated on MH chocolate agar plates
containing 8% sucrose, and incubated at 37°C with 5% CO, for 48 to 72 h. Sucrose-resistant clones were
spotted onto MH chocolate agar plates with or without kanamycin (25 pg/ml) to verify the loss of
kanamycin resistance. The sucrose-resistant and kanamycin-sensitive clones were screened for the silC
gene deletion using colony PCR with primer sets MP037/MP038 (sodB for internal control) and MP202/
MP203 for the gene-specific amplification of silC. Genomic DNA sequencing was performed on clones
testing positive by PCR to confirm in-frame gene deletion of silC.

For the transcomplementation of the AsilC mutant, the full-length silC gene (FTL_0686) of F. tularensis
LVS was amplified by PCR using primers MP278 and MP279 engineered at their 5 ends with BamH and
Xhol restriction sites, respectively. The amplified fragment was digested with BamHI and Xhol restric-
tion enzymes and cloned into the E. coli-Francisella shuttle vector pMP822 digested with same restriction
enzymes. The resulting plasmid, pMMO010, was verified by PCR and DNA sequencing, electroporated into
the AsilC mutant, and selected on MH chocolate agar plates supplemented with hygromycin (200 pg/ml).
The transcomplementation of the Asi/C mutant was confirmed by PCR using silC gene-specific
primers. The transcomplemented strain was designated the AsilC+psilC strain.

Determination of sensitivity of the AsilC mutant to antibiotics, dyes, detergents, and oxidants.
The susceptibilities of the wild-type F. tularensis LVS, the AsilC mutant, and the transcomplemented
AsilC+psilC strain to dyes, detergents, antibiotics, and oxidants were determined using disc diffusion
assays. The bacterial cultures, adjusted to an ODy, of 2.5, were spread on MH chocolate agar plates using
sterile cotton swabs. Different concentrations of antibiotics were dissolved in phosphate-buffered saline
(PBS), and 5 ul of the antibiotic mixture was loaded onto the sterile filter paper discs after placing them
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on these plates. These antibiotics included streptomycin (1.25 and 5 pg/disc), gentamicin (1.25 and 2.5
png/disc), neomycin (3.75 and 7.5 ug/disc), erythromycin (15 and 45 ug/disc), chloramphenicol (3.75 and
7.5 ng/disc), novobiocin (7.5 and 15 ug/disc), tetracycline (3.75 and 7.5 pg/disc), and nalidixic acid (1.88,
3.75, and 30 pg/disc). Dyes included ethidium bromide (5 pg/disc) and acriflavine (25 ug/disc). The
detergent used was sodium dodecyl sulfate (SDS) (750 ng/disc). The plates were incubated at 37°C with
5% CO, for 48 h, and the diameters of zones of inhibition around the discs were measured.

The susceptibilities of the wild-type F. tularensis LVS, the AsilC mutant, and the transcomplemented
AsilC+psilC strain to oxidants were determined using the disc diffusion assay and the bacterial killing
assay and by generating growth curves as previously described (32, 34, 35). Sterile discs were placed
firmly on the surface of the inoculated agar plates and impregnated with superoxide-generating
compounds, such as paraquat (15.6 pg/disc), pyrogallol (250 pg/disc), and menadione (6.25 ug/disc);
with hydrogen peroxide (H,0,) (50 nM/disc); and with organic peroxides such as cumene hydroperoxide
(CHP) (500 pg/disc) and tert-butyl hydroperoxide (TBH) (3.5 wg/disc). These assays were also repeated
using the emrA1 mutant of F. tularensis LVS. The plates were then incubated at 37°C for 48 h, and the
diameters of the zones of inhibition were measured to determine the sensitivities of the tested bacterial
strains to these compounds.

The bacterial killing assays were performed as follows. Briefly, oxidants such as paraquat, pyrogallol,
TBH, CHP, and H,0, were diluted 2- to 10-fold in sterile MHB in a 96-well plate. Bacterial cultures were
adjusted to an OD,,, of 0.2 by resuspending in MHB and were then added onto the oxidant compounds,
mixed, and incubated at 37°C with 5% CO, for 1 and 3 h. Five microliters of cultures was spotted onto
MH chocolate agar plates and incubated for 48 h at 37°C with 5% CO,. The plates were observed for
differences in bacterial killing.

The growth curves of the wild-type F. tularensis LVS and the AsilC mutant were generated to test their
susceptibility to H,O,. Bacterial suspensions adjusted to an ODg,, of 0.2 were added to 10 ml of
Chamberlain’s defined medium (CDM) (32) containing 0 and 2 mM H,0, and incubated with constant
shaking at 175 rpm at 37°C for 40 h. The ODy,, values were recorded at 4-h intervals and plotted.

Determination of sensitivity of the AsilC mutant to silver. The susceptibilities of the wild-type F.
tularensis LVS, the AsilC mutant, the transcomplemented AsilC+psilC strain, and the emrA7 mutant to
silver nitrate (AgNO;) were determined using a bacterial killing assay. Briefly, 25 mM AgNO, was diluted
2-fold in sterile MHB in a 96-well plate. Bacterial cultures adjusted to an ODg, of 0.2 by resuspending in
MHB were then added onto the wells containing AGNO, and mixed, and the wells were incubated at 37°C
with 5% CO, for 1 and 3 h. Five microliters of cultures was spotted onto MH chocolate agar plates, and
the plates were incubated for 48 h at 37°C with 5% CO,. The plates were observed for bacterial killing.

Macrophage cell culture assay. The capabilities of the wild-type F. tularensis LVS, the AsilC mutant,
and the AsilC+psilC transcomplemented strains to survive and replicate in macrophages were deter-
mined using a macrophage cell culture assay. Briefly, RAW 264.7 macrophages cultured in Dulbecco’s
modified Eagle medium (DMEM) were seeded in 24 well-plates and incubated overnight at 37°C with 5%
CO,. The cells were then infected with the wild-type F. tularensis LVS, the AsilC mutant, or the
transcomplemented AsilC+psilC strain at a multiplicity of infection (MOI) of 100:1 (ratio of bacteria to
cells). The infections were synchronized by centrifuging the plates at 1,000 rpm for 10 min and then
incubated for 2 h at 37°C with 5% CO,. After 2 h, the cell culture medium was replaced with 1 ml of
DMEM containing 250 ug/ml of gentamicin to kill extracellular and adherent bacteria. The plate was
incubated for 1 h at 37°C with 5% CO,, after which the medium containing gentamicin was replaced with
1 ml of medium without any antibiotics. The cells were lysed at 4 and 24 h postinfection with 0.1%
sodium deoxycholate, serially diluted 10-fold in sterile PBS, and plated on MH chocolate agar plates. The
plates were incubated at 37°C with 5% CO, for 48 h. Colonies were counted and expressed as log,, CFU
per milliliter.

In vivo studies. Six- to 8-week-old wild-type (WT) C57BL/6 and gp971phox—'~ (phox~/~) mice were
purchased from Jackson Laboratories. Mice were maintained in a specific-pathogen-free environment in
the Animal Facility of New York Medical College. All animal procedures were conducted in accordance
with the Institutional Animal Care and Use Committee (IACUC) guidelines approved by New York Medical
College. Prior to inoculation, mice were deeply anesthetized by intraperitoneal injection of a cocktail of
ketamine (Fort Dodge Animal Health, Fort Dodge, IA) and xylazine (Phoenix Scientific, St. Joseph, MO).
Then, mice were challenged intranasally (i.n.) with 1 X 10* CFU of F. tularensis LVS or 1 X 104, 1 X 10°,
or 1 X 10° CFU of the AsilC mutant. Mice were observed for a period of 21 days for morbidity and
mortality. Mice that were immobile or lost more than 25% of their body weight were considered
moribund and were removed from the study and euthanized. The results were plotted as Kaplan-Meier
survival curves, and the data were analyzed by the log rank test.

Western blot analysis. Wild-type F. tularensis LVS and the AsilC mutant and AsilC+psilC
transcomplemented strains were grown on MH chocolate agar plates at 37°C for 48 h. The bacterial
cultures were resuspended in CDM to achieve an ODg,, of 0.2 and then were grown with constant
shaking at 175 rpm at 37°C. Aliquots of the bacterial cultures were collected at 4, 8, and 12 h and
centrifuged at 10,000 rpm for 10 min. The culture supernatants were collected and filtered immediately
with 0.22-um syringe filters to eliminate any residual bacteria. The filtrates were concentrated to 1/10 of
their original volume. The cell pellets were lysed in 200 ul of lysis buffer [200 mM Tris-HCI (pH 8.0), 320
mM (NH,),SO,, 5 mM MgCl,, 10 mM EDTA, 10 mM EGTA, 20% glycerol, 1 mM dithiothreitol (DTT)
supplemented with protease and phosphatase inhibitors]. The protein concentrations of both the culture
supernatants and the cell lysates were determined using a Pierce bicinchoninic acid (BCA) protein assay
kit (Thermo Fisher Scientific). Equal amounts of proteins (~5 ng) were resolved on a 10% SDS-PAGE gel,
transferred to a polyvinylidene difluoride (PVDF) membrane, and probed with anti-KatG (1:20,000) or
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anti-SodB (1:20,000) antibodies and secondary anti-rabbit antibodies (1:5,000) conjugated to horseradish
peroxidase as described previously (17). The blots were developed by autoradiography and photo-
graphed. The blots were stripped and reprobed with anti-Rp1L antibodies. All the antibodies were kindly
provided by Karsten Hazlett, Albany Medical College, Albany, NY.

Statistical analysis. All data were statistically analyzed using the InStat program (Graph-Pad
Software). The data were analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni
corrections. Results were expressed as means = standard errors of the means (SEM), and differences
between the experimental groups were considered statistically significant at P values of <0.05. The
survival data were expressed as Kaplan-Meier survival curves, and statistical significance for survival
results was evaluated by analyzing the mean time to death by the log rank test.
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