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Francisella tularensis, the etiological agent of tularemia, is capable of infecting a wide range of animals and causes
a severe, lethal disease in humans. The pathogen evades killing by cells of the innate immune system utilizing genes
encoding a pathogenicity island, including igld BCD, and instead utilizes these cells as a niche for replication and
dissemination to other organs within the host. Regulators of the igl genes (e.g., MglA, SspA, FevR and PmrA) have
been identified, but environmental stimuli and mechanisms of regulation are as yet unknown and are likely to
involve additional gene products. In this work, we more closely examine the roles that environmental iron and the
ferric uptake repressor protein (Fur) play in the regulation of the igldBCD operon. We also used a genetic approach
to identify and characterize a new regulator of the igl/ operon, designated migR (macrophage intracellular growth
regulator; FTL_1542). Quantitative real-time reverse transcription-PCR in a site-directed migR mutant confirmed
the reduction in the number of igIC transcripts in this strain and also demonstrated reduced expression of fevR.
Comparison of the migR and fevR mutants in monocyte-derived macrophages (MDMs) and epithelial cell lines
revealed a reduced ability for each mutant to grow in MDMs, yet only the fevR mutant exhibited impaired replication
in epithelial cell lines. Confocal analysis of infected MDMs revealed that although neither mutant reached the
MDM cytosol, the fevR mutant was trapped in lamp-1-positive phagosomes, whereas the migR mutant resided in
mature phagolysosomes enriched with both lamp-1 and cathepsin D. Disruption of migR and fevR also impaired the
ability of F. tularensis to prevent neutrophil oxidant production. Thus, we have identified migR, a gene that regulates
expression of the iglABCD operon and is essential for bacterial growth in MDMs and also contributes to the

blockade of neutrophil NADPH oxidase activity.

Francisella tularensis is a gram-negative, facultative intracel-
lular pathogen and is the etiologic agent of tularemia. While
first associated with a plague-like illness in rodents, F. tularen-
sis is capable of causing disease in a wide range of animal hosts,
including fish, birds, small mammals, and humans, and is also
found in invertebrate vectors (45, 48). The most common form
of human tularemia is a cutaneous, ulceroglandular disease
that results from the bite of an arthropod vector carrying bac-
teria or contact with the blood of an infected animal through
an abrasion in the skin (23). While less common, the pneumo-
nic form of the disease is associated with the highest morbidity
and mortality and can result from inhalation of as few as 10
organisms (48). These facts, coupled with the relative ease of
dissemination of the bacteria, have led to F. tularensis being
designated a category A select agent by the Centers for Dis-
ease Control and Prevention (CDC) (32).

Several studies have shown that F. fularensis has the ability to
persist or replicate within both phagocytes and other cell types,
including human monocyte-derived macrophages (MDMs), hu-
man neutrophils, bronchial airway epithelial cells, and other tissue
culture cell lines, such as HEp-2 and J774A.1 cells (28, 35, 37, 40,
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44,50, 57, 60). Replication within host cells is dependent on genes
located within the Francisella pathogenicity island (FPI), but in-
tracellular survival and growth are likely to require additional
genes as well. Most notably, genes comprising the iglABCD
operon have been directly implicated in escape from the phago-
some and/or the ability to replicate in the host cell cytosol (19, 34,
44, 53, 55). Genome-wide screens have also identified genes out-
side the FPI that are involved in other aspects of virulence or
dissemination in animal models of tularemia (50, 61, 65).

While some genetic screens have identified genes critical to
the intracellular life cycle of F. tularensis, little has been done
to examine the regulation of these genes or the environmental
stimuli leading to their differential expression. The first gene
identified to encode a regulator of virulence gene expression
was mglA (6, 10, 35). Homologous to the stringent starvation
protein of Escherichia coli, MglA positively regulates several
genes in the FPL, including those in the iglABCD operon (35).
More recent work has shown that the regulatory activity of
MglA on the igl operon also requires SspA, a second transcrip-
tional activator capable of associating with RNA polymerase
(14). Heterodimerization of these two proteins facilitates their
interaction with the unique a subunits of F. tularensis RNA
polymerase, which in turn stimulates the transcription of nu-
merous genes throughout the chromosome (10, 14). A third
regulatory gene, fevR, is also positively regulated by MglA and
SspA and is reported to control the expression of the same set
of genes as MglA and SspA (9). Finally, the disruption of an
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or reference
Strains
F. tularensis LVS  F. tularensis type B live vaccine strain K. L. Ekins
F. novicida U112 F. novicida wild-type strain 26
F. novicida F. novicida carrying an insertion mutation in fur 26
fur::TnKn
Plasmids
pBB103 Francisella-E. coli shuttle plasmid carrying spectinomycin resistance cassette and polylinker
pBB107 Fusion of pBDJ303 and pMKM219, final Tn5 delivery plasmid for mutagenesis of F. tularensis spp. 11
pBB109 Tn5-hygromycin delivery plasmid for mutagenesis of F. tularensis spp. derived from plasmid This study
pBB107
pBB114 Complementation plasmid carrying full-length FTL_1542 driven by the Francisella groES promoter This study
pBB115 Complementation plasmid carrying full-length FTL_0347 driven by Francisella groES promoter This study
pBB119 Francisella-E. coli shuttle plasmid containing promoterless lacZ reporter This study
pBB125 Francisella-E. coli shuttle plasmid containing the igl4-lacZ reporter This study
pBB133 Francisella-E. coli shuttle plasmid containing the fsiA-lacZ reporter This study
pBB134 Francisella-E. coli shuttle plasmid containing the ig/C-lacZ reporter This study
pBB135 Complementation plasmid carrying a full-length fevR gene driven by native promoter This study

orphan response regulatory gene, pmrA, which is predicted to
contain a DNA binding domain, also has been found to have a
negative effect on the transcription of many genes, including
the igl operon (43). The regulatory activity of pmrA is appar-
ently not exerted by altering mgl4 and sspA expression; nev-
ertheless, the pmrA regulon does overlap with the genes reg-
ulated by mglA and sspA, specifically the genes residing on the
FPI. The exact mechanism of regulation by these factors is
unknown, as are the environmental and/or host signals leading
to this regulation.

Generally, the ability to sense and rapidly respond to envi-
ronmental signals through modification of gene expression is
vital to the ability of a bacterium to adapt to and survive under
different conditions, including those found in various host cell
environments. Studies of gene expression in F. tularensis have
shown an upregulation of FPI genes when bacteria are grown
intracellularly compared to when they are grown in broth (29).
An increase in capsule production and surface pili has also
been demonstrated when F. tularensis is grown in Chamber-
lain’s defined medium (CDM) compared to when it is grown in
rich growth medium (15, 27). While the specific signal or sig-
nals leading to these changes are unknown, iron availability has
emerged as an environmental signal that influences the expres-
sion of numerous Francisella genes. Among these are the genes
in the fsIABCD and igIABCD operons, which are involved in
iron acquisition and intracellular growth, respectively (11, 21,
62). Previous studies have shown a role for the ferric uptake
regulator protein (Fur) in the iron-dependent regulation of fs/
but not igl/ transcription (11).

We initiated the work in this study by considering iron as an
environmental signal leading to regulation of the iglABCD
operon and by more closely examining the role of Fur in this
regulation. We conducted a genetic screen for new regulators
of the igl operon and identified a new gene, migR (FTL_1542),
that is involved in its regulation. Here, the effect of migR
mutation on transcriptional regulation of the iglABCD operon
has been partially characterized, as well as effects of this mu-
tation on the interactions of F. tularensis with host cells. Spe-
cifically, we have examined whether this mutation alters intra-
cellular growth in human phagocytes and epithelial cell lines.

Additionally, we examined the specific effects of this mutation
on phagosome maturation in macrophages and inhibition of
the neutrophil oxidative burst.

MATERIALS AND METHODS

Bacterial strains, plasmid construction, growth conditions, and antibiotics. F.
tularensis LVS (ATCC 29684), Francisella novicida U112, and F. novicida
fur:TnKn (26) were grown in modified Mueller-Hinton (MMH) broth (Becton
Dickinson, Sparks, MD) or on Mueller-Hinton agar (Acumedia, Lansing, MI)
supplemented with 1% (wt/vol) glucose, 0.025% ferric pyrophosphate, and 2%
IsoVitaleX. Spectinomycin (25 pg/ml for LVS and 100 pg/ml for F. novicida),
kanamycin (25 wg/ml), and hygromycin (200 p.g/ml) were added to the bacterial
growth media when appropriate. CDM was prepared as described previously
(13) or with 28 wM, 350 nM, or no added FeSO,, as dictated by experimental
parameters. Iron-replete growth conditions were achieved by overnight growth of
bacterial cultures in CDM containing 28 uM FeSO, followed by dilution into the
same medium before performing Miller assays for B-galactosidase quantitation
(41). Iron depletion was achieved by growing bacterial cultures in CDM con-
taining 7 pM FeSO,_ followed by a 1:1,000 dilution into CDM containing 350 nM
FeSO, (LVS), or by direct colony inoculation into CDM containing no added
FeSO, (F. novicida) before performing B-galactosidase assays. LVS strains con-
taining chromosomal lacZ reporters in iglB and f5s/C were described in a previous
work (11).

For a plasmid-borne study of iron-responsive DNA elements, PCR was per-
formed on an LVS chromosomal template to amplify ~300 nucleotide segments
of DNA upstream of fsi4, igl4, and iglC. Oligonucleotide primers were all
designed with 5’ Ncol-BamHI and 3" Kpnl “tails” to facilitate cloning into the
Ncol-Kpnl restriction sites of pTrc99A (4). Successful cloning of these DNA
elements was followed by the amplification of a promoterless lacZ gene from a
PA23 (64) template with oligonucleotide primers containing 5’ KpnI and 3’ Sall
tails. The lacZ amplicon was then cloned into the KpnI-Sall restriction sites of
the pTrc99A plasmids containing the previously described DNA fragments to
create reporters of transcription for each of the three genes. Finally, the entire
transcriptional reporter cassettes were removed from the pTrc99A backbone by
the BamHI-Sall digest and were cloned into the same sites in the Francisella-E.
coli shuttle plasmid pBB103 (sequences for oligonucleotide primers available
upon request). As a control, the promoterless lacZ reporter alone was cloned
into the same BamHI-Sall restriction sites in pBB103. These plasmids were
designated pBB119, pBB125, pBB133, and pBB134 (Table 1) and were intro-
duced to F. novicida strains by rubidium chloride cryotransformation as de-
scribed elsewhere (27).

Complementation plasmids pBB114 and pBB135 (Table 1) were created by
amplifying the entire FTL_1542 or FTL_0449 gene using LVS chromosomal
DNA as a template and oligonucleotide primers containing 5’ Kpnl and 3’ Sall
tails (sequences for oligonucleotide primers available upon request). These am-
plicons were cloned downstream of the F. tularensis groES promoter in pTrc99A,
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and the entire expression cassette was transferred to pBB103, using BamHI-Sall
restriction sites present on both plasmids.

Mutagenesis, screening, and identification of regulators of ig/B transcription.
The LVS strain containing a chromosomal lacZ reporter of ig/B transcription was
transformed with the Tn5 delivery plasmid pBB109 (Table 1). Colonies obtained
after ~3 days of growth at 30°C on MMH agar with 25 pug/ml spectinomycin were
inoculated into 5 ml of MMH broth with 25 pg/ml spectinomycin and were grown
at 30°C with agitation to an optical density at 600 nm of ~0.1. Cultures were then
serially diluted and plated onto MMH agar with 200 pg/ml hygromycin at 41°C
to select for isolates with Tn5 insertions into the F. tularensis chromosome and a
simultaneous loss of the temperature-sensitive transposon delivery plasmid. Re-
sulting hygromycin-resistant colonies were arrayed onto 96-well cell culture
plates in 100 pl of MMH broth and were incubated at 37°C until turbid. Freezer
stocks were made by adding 100 wl of 2 freezing medium (1.0 M sucrose, 20%
glycerol). To identify strains with reduced ig/B expression, Tn5 mutants were
recovered from freezer stocks and plated onto MMH or CDM agar at 37°C using
a 96-prong replicator (Boekel, Feasterville, PA). After ~24 h, reporter enzyme
activity was visualized by overlaying Whatman filter paper no. 1 presoaked with
20 mg/ml X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) in dimethyl-
formamide diluted 1:4 in water. Quantitation of B-galactosidase activity was
accomplished by conducting B-galactosidase assays in triplicate on duplicate
cultures of bacteria grown to mid-log phase in MMH broth. IglC was detected by
Western blotting using a goat anti-IglC antibody raised against IgIC purified
from F. novicida generously provided by Karl Klose (University of Texas, San
Antonio).

To identify the sites of Tn5 insertions affecting igIB expression, genomic DNA
was isolated from individual colonies and digested with Kpnl to create a DNA
fragment containing the oriR6K origin, the syg gene, and the flanking chromo-
somal sequence. The digested DNA was ligated, transformed into pir" E. coli,
and plated onto agar plates with 200 wg/ml hygromycin to select for transfor-
mants that carried the plasmid of interest. Plasmid DNA was isolated and
sequenced using a primer with the sequence 5'-GTGACAGGGGCCTCTTTT
ATC-3' that anneals to the 3" end of the iyg gene and produces a sequence of the
flanking chromosomal DNA. Sequence data were used to search the sequenced
bacterial chromosome database using NCBI BLAST to identify Tn5 insertion
sites within the F. tularensis chromosome.

Creation of site-directed mutants using intron-directed mutagenesis. Site-
directed insertion mutants were created using a modified TargeTron (Sigma-
Aldrich, St. Louis, MO) mutagenesis system (52). In brief, the coding sequence
of each gene of interest was entered into the Sigma TargeTron primer design site
to determine the appropriate oligonucleotides for retargeting the intron. Impor-
tantly, an Xhol restriction site was substituted for the HindIII site when design-
ing the intron-binding site primer. Retargeted PCR products were generated
using an intron PCR template (TA0100; Sigma-Aldrich) according to the rec-
ommendations of the manufacturer. The resulting fragment was introduced into
the delivery vector pKEK1140, and cloning was verified by BglII digestion. LVS
transformed with the retargeted plasmid was grown at 30°C on MMH agar with
25 pg/ml kanamycin. Individual colonies were purified once by growing them at
the permissive temperature, and resulting colonies were screened by PCR to
identify mutants before passaging at 37°C to cure the plasmid.

Real-time reverse transcription-PCR (RT-PCR) for quantification of mglA,
sspA, pmrA, fevR, and iglC transcript levels. RNA was isolated from wild-type
LVS, and the site-directed FTL_1542 mutant cultures were grown to mid-log
phase in MMH broth, using a MasterPure complete DNA and RNA isolation kit
(Epicentre, Madison, WI). High-quality cDNA was generated using SuperScript
IIT reverse transcriptase and random primers (Invitrogen, Carlsbad, CA) accord-
ing to the recommendations of the manufacturer. cDNA was quantified using the
Power SYBR green PCR master mix (Applied Biosystems, Foster City, CA).
Transcript levels for each gene were determined by comparing to a standard
curve generated with each corresponding primer set, using dilutions of genomic
DNA template. Relative transcript abundance was determined by normalizing
the message in the mutant and wild-type strains to that of the ful4 gene.

Neutrophil and macrophage isolation. Heparinized venous blood samples
were obtained from healthy adult volunteers in accordance with a protocol
approved by the Institutional Review Board for Human Subjects at the Univer-
sity of Iowa. Neutrophils (polymorphonuclear leukocytes [PMN]) were isolated
using dextran sedimentation and density gradient separation on Ficoll-Hypaque,
followed by hypotonic lysis of erythrocytes (20). PMN (~98% purity) were
resuspended in Hank’s balanced salt solution (HBSS) without divalent cations,
counted, and then diluted into appropriate media as indicated. Mononuclear
cells were isolated by centrifugation on Ficoll-Hypaque, washed twice in RPMI
1640 (Cambrex), resuspended in RPMI plus 20% autologous serum at a con-
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centration of 2 X 10%ml, and differentiated into MDM by incubation in Teflon
jars for 5 to 7 days at 37°C (56, 57).

Intracellular growth assays. Wild-type or mutant LVS strains were used to
infect MDM (multiplicity of infection [MOI], ~20:1), A549 cells, or HEp-2 cells
(MOI, ~100:1) in 24-well tissue culture plates. Approximately 10> MDMs were
seeded into individual wells in RPMI with 10% autologous serum and allowed to
adhere overnight. Wells were washed, and cells were resuspended in RPMI with
2.5% autologous serum. Bacteria grown to mid-log phase in MMH broth were
quantified by absorbance at 600 nm, and quantitation was confirmed by plate
counting. To optimize phagocytosis, bacteria were opsonized by incubation in
50% fresh autologous serum for 30 min at 37°C as we described previously (40,
57). The appropriate numbers of bacteria were added to each well, and infection
was synchronized by centrifugation at 600 X g at 12°C for 4 min (57, 59). Initial
infection efficiency was quantified after 1 h coincubation at 37°C. MDM mono-
layers were washed extensively with phosphate-buffered saline to remove
uningested bacteria and then processed immediately or incubated for another
23 h at 37°C in fresh medium. Host cell lysis was achieved by the addition of 1%
saponin to each well, and serial dilutions were plated onto MMH agar to enu-
merate live organisms. Similarly, 2 X 10° HEp-2 cells or A549 cells were seeded
into individual wells in minimal essential medium with 10% fetal bovine serum
and were allowed to adhere overnight. Bacteria were added and infection was
synchronized as described above. After 4 h incubation at 37°C, gentamicin (10
pg/ml) was added for 1 h to eliminate extracellular bacteria. Host cells were
lysed, and the bacteria were enumerated as described above to quantify bacterial
uptake or were replenished with gentamicin-free growth medium and incubated
for an additional 19 h before lysis and enumeration to quantify intracellular
growth.

Confocal analysis of F. tularensis phagosomes. Our established methods were
used to assess phagosome composition in macrophages (40, 57, 59). In brief,
MDMs attached to chamber slides (Lab-Tek) were infected with opsonized F.
tularensis at an MOI of 20:1. Phagocytosis was synchronized as described above,
and after 1 h at 37°C, monolayers were washed extensively to remove uningested
bacteria. After a total of 1 to 24 h at 37°C, MDM were fixed in 10% formalin,
permeabilized with cold methanol-acetone, blocked, and then double-stained to
detect bacteria and lamp-1 or cathepsin D. Bacteria were detected using rabbit
anti-F. tularensis antiserum (BD Biosciences) or mouse anti-F. tularensis lipo-
polysaccharide T-14 (Novus Biologicals). Mouse anti-human lamp-1 hybridoma
supernatants (clone H4A3) were from the Developmental Studies Hybridoma
Bank of the University of Iowa. Rabbit anti-cathepsin D polyclonal antibodies
were from Upstate Biotechnology, Inc. Fluorescein isothiocyanate- and rhod-
amine-conjugated F(ab’), secondary antibodies were from Jackson Immuno-
Research Laboratories. Samples were viewed using an LSM 510 confocal micro-
scope (Carl Zeiss, Inc., Thornwood, NY). For each experiment, phagosomes in
50 to 100 infected cells were scored in duplicate or triplicate samples for each
marker and time point.

Neutrophil infection and measurement of respiratory burst. Bacteria were
grown on MMH agar for 48 h at 37°C in 5% CO, and harvested into HBSS
containing divalent cations. Washed bacteria were opsonized with 50% fresh
autologous serum for 30 min at 37°C as described above, washed again with
HBSS lacking divalent cations, and quantified by measurement of absorbance at
600 nm. Generation of reactive oxygen species (ROS) by neutrophils was as-
sessed using luminol-enhanced chemiluminescence (CL) assays as described
previously (2, 18). Briefly, neutrophils were incubated at 5 X 10%ml in RPMI
1640 (without phenol red) supplemented with 250 WM luminol and 4% human
serum albumin for 10 min at room temperature. Two-hundred-microliter ali-
quots were dispensed in triplicate into 96-well microtiter dishes (white/opaque
Perkin Elmer OptiPlate 96) and infected at 37°C with the indicated strains of
bacteria at an MOI of 50:1 unless otherwise specified. CL was recorded at 30-s
intervals for 1 h using a BMG Laboratories Novostar luminometer (BMG
LabTech Inc., Durham, NC).

RESULTS

Iron-dependent, Fur-independent regulation of the igldBCD
operon. To examine the role of the iron-dependent regulator
Fur in expression of the iglABCD operon, we grew strains
containing either an iglB-lacZ or fslC-lacZ chromosomal re-
porter, which were identified using our transposon delivery
system (11), in CDM containing high (28 M) or low (350 nM)
FeSO,. B-Galactosidase assays were conducted on strains
grown to mid- or late-log growth phase before examining re-
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FIG. 1. Examination of the effect of iron concentration and Fur over-
expression on f5/C and igIlB chromosomal reporters. Duplicate cultures of
each reporter strain were grown in CDM with a high (28 uM) or low (350
nM) concentration of FeSO,. 3-Galactosidase assays were conducted at
the mid- or late-log phases of growth. The f5/C reporter is induced ~10-
fold in late-log phase at low Fe concentrations (P < 0.001). This induction
was repressed by the overexpression of Fur in frans, which returned
fsIC-lacZ expression to the same level as that seen when grown in iron-
replete broth (P = 0.103). The ig/B reporter is induced ~2-fold in late-
log-phase growth at low Fe concentrations (P < 0.001). Expression of Fur
in trans had no significant effect on iglB reporter expression (P = 0.112).
Data are the averages of at least two independent experiments performed
in triplicate = 1 standard deviation. OD, optical density.

porter expression. When grown under high-iron conditions,
the expression of each reporter was unchanged from the mid-
log to the late-log phase of growth. When grown under iron-
limiting conditions, there was an increase in the expression of
each reporter, a phenomenon that was exacerbated as the
cultures progressed from mid-log to late-log growth phase.
This trend is presumably observed because iron was being
actively depleted in late-log phase by bacterial growth and
utilization (Fig. 1). Because this growth phase-dependent in-
crease in expression was observed in the low- but not high-
iron-containing medium, we believe the induction is likely due
to decreased iron availability and not the result of other growth
phase effects. To assess the role of Fur in the regulation of
these genes, we overexpressed Fur in frans in each strain and
repeated the assay. The data in Fig. 1 clearly show repression
of the fsIC-lacZ reporter regardless of iron availability and
growth phase, whereas the expression of iglB was unaffected.
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FIG. 2. Determination of iron-responsive DNA sequence. (A) Wild-
type (WT) or fur mutant strains of F. novicida were transformed with
plasmid-borne reporters of fsiA, iglA, or iglC and were grown under
iron-replete (+) or iron-depleted (—) conditions to measure transcrip-
tional activity. Miller assays were carried out on at least two replicate
cultures and were assayed in triplicate. The promoterless lacZ control
reporter is unaffected by iron or genetic background. The fsi4 reporter
is upregulated by growth in a low-iron medium (P < 0.001) and is
further induced in the fur mutant background (P < 0.001). Expression
of the iglA reporter is modestly induced both by growth in an iron-
depleted medium (P < 0.001) or when in the fur mutant strain (P <
0.001). Activity of the iglC reporter remains unchanged under tested
iron availabilities and in either genetic background. Data are the av-
erages of at least two independent experiments performed in tripli-
cate + 1 standard deviation. (B) Schematic representation of DNA
amplified and assayed for reporter activity.

Identification of an iron-responsive DNA segment upstream
of igIABCD. Since the iglB reporter appeared to be responding
to iron in a Fur-independent manner, we wanted to identify the
region of DNA that was capable of eliciting the iron-depen-
dent regulation. To this end, we amplified DNA upstream of
iglA, iglC (containing a weak putative Fur-binding site) (62),
and f5l4 (containing a near-consensus Fur-binding site) and
cloned each fragment into a Francisella-E. coli shuttle vector in
front of a promoterless lacZ reporter gene (Fig. 2B). Wild-type
F. tularensis or an isogenic strain containing an insertion mu-
tation in fur was transformed with each of three different re-
porter plasmids or a promoterless lacZ control and grown in
high- or low-iron-containing medium. The lacZ control re-
porter exhibited the same low-level expression irrespective of
iron availability in both genetic backgrounds. The reporter of
fslA activity demonstrated an ~33-fold induction in response
to growth in iron-limiting medium and an ~73-fold induction
in the Fur deletion mutant (Fig. 2A). The igl4 reporter also
responded positively to growth in iron-limiting medium, albeit
to a lesser extent (~2-fold) than the fsi4 reporter. When as-
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sayed in the fur mutant background, the fsl4 reporter was
further induced and lost its responsiveness to medium iron
concentration. Expression of the igl4 reporter in the Fur mu-
tant background was increased approximately threefold over
the level measured under iron-replete growth conditions (Fig.
2A). The reporter of iglC activity, containing a weak putative
consensus Fur-binding site, was unaffected by either iron avail-
ability or genetic background.

Identification of iglABCD operon regulators. Currently, four
gene products that appear to control expression of the
iglABCD operon have been described—MglA, SspA, FevR,
and PmrA (14, 35, 43)—none of which has a known role in
iron-mediated regulation. To identify additional genes encod-
ing proteins affecting expression of this operon, we mu-
tagenized an F. tularensis strain containing a chromosomal
lacZ reporter of iglB activity (11). Using a transposon delivery
system recently developed in our laboratory (11), we generated
and screened a library of 2,500 mutants for changes in ig/lB
expression. Three unique mutants were isolated, each of which
exhibited significantly reduced B-galactosidase activity of the
iglB-lacZ reporter when streaked onto MMH agar (data not
shown).

Chromosomal transposon insertion sites were cloned and
sequenced to identify the location of each insertion. One of the
transposon insertions resided within the lacZ coding sequence,
causing the complete loss of B-galactosidase activity. Since F.
tularensis LVS has two copies of the FPI, we performed a
Western blot assay for IglC to examine the effect of these
transposon insertions on expression of the igl4 BCD operon not
containing the lacZ reporter. Results from the Western blot
assay indicate that, indeed, each transposon mutation affects
both copies of the igldBCD operon (Fig. 3A). As expected, the
transposon insertion in the lacZ reporter itself caused no ob-
vious change in IgIC levels, and this mutant was not pursued
further (Fig. 3A). A second transposon insertion was mapped
to nucleotide 163 of FTL_0347, an ~0.6-kb gene that encodes
a hypothetical protein with predicted transmembrane domains.
This mutant displayed a seven- to eightfold reduction in ig/B-
lacZ expression and a concomitant reduction in cell-associated
IglC accumulation observed by Western blotting (Fig. 3A and
C). Unfortunately, additional work indicated that the transpo-
son insertion was not responsible for the phenotype of this
mutant, and it was not pursued further. The final transposon
insertion was mapped to nucleotide 211 of FTL 1542 (Fig.
3D), a 2.1-kb gene present in all F. tularensis subspecies se-
quenced to date, and was predicted to encode a hypothetical
protein that may contain a conserved AMP binding domain.
This gene was also recently identified as a regulator of pepO, a
virulence-associated gene in F. novicida (9). A transposon in-
sertion in FTL_1542 resulted in a fivefold reduction in ig/B-
lacZ expression, which was similar to the reduction in cell-
associated IglC accumulation observed by Western blotting
(Fig. 3A and C). These findings suggest that an insertion mu-
tation in FTL_1542 affects expression of the iglABCD operons
on both pathogenicity islands.

In vitro growth and complementation and creation of site-
directed mutants. The FTL_1542 (migR) mutant was trans-
formed with a complementation plasmid (pBB114) containing
its full-length gene, whose expression was driven by the F.
tularensis groES promoter. The complementing clone was ini-
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FIG. 3. Identification of genes affecting ig/B transcription.
(A) Western blot of cell lysates isolated from each indicated strain,
using anti-IglC antibody. (B) Coomassie blue staining of a sodium
dodecyl sulfate-polyacrylamide gel run on a cell lysate from each in-
dicated strain as the loading control. (C) B-Galactosidase assay results
and ORF number of each identified putative ig/B regulator mutant.
Miller assay results demonstrate an ~5 to 7-fold reduction in ig/B
transcription in FTL_1542 and FTL_0347 mutant strains (P < 0.001).
The IglC Western blot confirms that the mutations affect the expres-
sion of iglC as well as that of ig/B and suggests that the mutations affect
both chromosomal copies of the FPI. (D) Schematic representation of
the transposon insertion (black arrowhead) at nucleotide 211 and the
site-directed insertion (white arrowhead) at nucleotide 1458 of
FTL_1542 and the surrounding genes. FTL_1542 is upstream of genes
encoding MraW, a hypothetical protein, and FtsI. The intragenic re-
gions separating these genes are 6, —3, and —7 nucleotides long,
respectively. A gene encoding a 30S ribosomal protein is 106 nucleo-
tides downstream of fis/.

tially identified by the restoration of blue color when exposed
to X-Gal. B-Galactosidase assays were conducted to quantify
the extent to which complementation restored ig/B transcrip-
tion (data not shown). Consistent with the X-Gal plate screen,
expression of the iglB-lacZ reporter in the FTL_1542 mutant
was restored by a functional copy of the FTL 1542 gene pro-
vided in trans; however, the level of iglB-lacZ activity reached
only 50% of that of the parent strain (data not shown). The
maximal doubling time of the FTL 1542 mutant, under our
growth conditions, was ~72% of that of the parent iglB-lacZ
strain. The effect of this mutation on maximal in vitro growth
rate is similar to that of a fevR mutant (data not shown) and
those reported for mgl4 and ssp4 mutants (14). Complemen-
tation of the FTL_ 1542 mutant restored the growth rate to
93% of that of the parent (data not shown). The apparent lack
of complete complementation in the FTL_1542 strain in each
of these assays may be the result of inappropriate protein
stoichiometry or some other unforeseen effect of the overex-
pression of this protein from the complementation plasmid.
To further demonstrate that the transposon insertion in
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FIG. 4. Effect of migR mutation on the expression of virulence
regulators. Real-time qRT-PCR was conducted on an mRNA template
obtained from wild-type (WT) LVS (closed diamonds) or the site-
directed migR mutant (open squares). The transcript of each gene was
normalized to the transcript of fu/4, and the wild-type transcript for
each gene was set to 1.0. The numbers of mgl4 and pmrA transcripts
were unaffected by the mutation in migR (P > 0.1). The migR mutation
resulted in a modest 1.4-fold decrease in the number of sspA tran-
scripts (P = 0.034). The ig/C and fevR transcript levels were reduced in
the migR mutant strain by 8.5- and 15-fold, respectively (P < 0.001).

FTL_1542 was responsible for the reduced expression of ig/lB
and ig/C, we utilized a modified intron-directed mutagenesis
system to create a site-directed mutant of F. tularensis (52).
Creation of this mutant allowed us to assess the mutant phe-
notype in the absence of the compounding ig/B mutation
present in the original mutant strain. Wild-type and mutant
strains created using the intron-directed mutagenesis system
were transformed with pBB125, which carries a plasmid-borne
iglA-lacZ reporter, and B-galactosidase assays were conducted.
The iglA-lacZ reporter exhibited a fivefold reduction in activity
in the site-directed FTL_1542 (migR) mutant compared to that
in the wild-type strain. This finding is in agreement with our
chromosomal reporter data for a mutation in this gene.
Effect of migR mutation on the expression of known regula-
tors of virulence genes. Gene products encoded by mglA, sspA,
fevR, and pmrA have all been shown to affect the expression of
genes within the FPI, including the iglABCD operon (6, 9, 10,
35, 43). The precise mechanism of action of these regulators is
unknown, but the available data suggest that additional gene
products may play a significant role in activating the expression
of genes within these overlapping regulons (14, 43). Therefore,
we examined the effect of the migR mutation on the transcript
levels of each of these four known virulence gene regulators,
using real-time quantitative RT-PCR (qRT-PCR). We also
examined the expression of ig/C by using qRT-PCR to confirm
our results from lacZ reporter and Western blot assays. The
qRT-PCR analysis confirmed the reduction in expression of
iglC, which is consistent with our previous observations shown
in Fig. 3B and C. Specifically, the data indicate that the
FTL_1542 mutant strain contains 8.5-fold less ig/C transcripts
than the wild-type strain (P < 0.001; two-tailed Student’s ¢ test)
(Fig. 4). The relative numbers of transcripts of mgl4 and pmrA
were not significantly different in the mutant versus the wild-
type strain (P > 0.05; two-tailed Student’s ¢ test). There was a
slight but significant (P = 0.034; two-tailed Student’s ¢ test)
reductions in the number of sspA transcripts in the mutant,
which contained 0.74-fold as many sspA transcripts as the wild-
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type strain. Most interesting was the 15-fold reduction in the
number of fevR transcripts in the migR mutant strain (P <
0.001; two-tailed Student’s ¢ test) (Fig. 4). Since FevR is essen-
tial for expression of the iglABCD operon (9), it is likely that
the reduction in igl expression observed in the FTL_ 1542
(migR) mutant is due to a reduction in fevR expression in this
strain.

Intracellular survival and growth in HEp-2 cells, A549 cells,
and MDMs. As mutations in migR reduced expression of the
iglABCD operon, we examined the effect of these mutations on
intracellular survival and growth in both epithelial cells and
macrophages. Additionally, since the regulatory effect of the
migR mutation on iglABCD seemed to be through fevR, we
created a fevR mutant by using the intron-directed mutagenesis
system as a means for comparison. First, MDMs were infected
with opsonized wild-type LVS, the original migR transposon
mutant, or the site-directed migR and fevR mutant strains and
their trans-complemented counterparts. Infection efficiencies
were similar for all six strains after 1 h of coincubation with
MDMs. To quantify intracellular replication, host cells were
lysed 24 h postinfection, and viable bacteria were enumerated.
Wild-type LVS multiplied approximately 50- to 70-fold over
the 24-h time course of the experiment, similar to the rate,
reported by us and others, in primary macrophages or macro-
phage cell lines (29, 39, 47, 58). The migR and fevR mutants
were greatly impaired for growth in MDMs, reaching a maxi-
mum of fivefold or twofold replication over the course of the
experiment (P < 0.001; two-tailed Student’s ¢ test), respectively
(Fig. 5A). This was an expected result since igl expression is
greatly reduced in the migR strain (Fig. 3B). There was no
significant difference between the original FTL 1542 Tn5 in-
sertion mutant and the site-directed migR mutant (P = 0.951).
Complementation of the migR mutant significantly restored
the intracellular growth (P < 0.001; two-tailed Student’s ¢ test),
albeit to a level lower than that of the parent strain (Fig. SA).
These data are consistent with the incomplete complementa-
tion observed in iglB-lacZ expression and in vitro growth ex-
periments. Comparable results were also obtained using the
original transposon insertion mutant strain and its isogenic
trans-complemented strain (data not shown).

To assess the effect of these mutations on bacterial growth in
epithelial cell lines, a similar set of experiments was carried out
using human epithelial (HEp-2) and human airway epithelial
(A549) tissue culture cells. The uptakes of the five strains by
HEp-2 and A549 cells were comparable after a 4-h incubation
period. Thereafter, wild-type LVS underwent rapid replica-
tion, multiplying about 500-fold in A549 cells (Fig. 5B and C)
and nearly 1,000-fold in HEp-2 cells (data not shown) by 24 h
postinfection. Interestingly, while the fevR mutant achieved
only minimal growth in these cell lines (Fig. 5B), the kinetics of
growth for the migR mutant were indistinguishable from those
of the parent strain over the course of the experiment (Fig.
5C). This was an unexpected result, given the dramatic reduc-
tion in igl expression in this strain and the reduced ability of the
mutant to grow in primary human macrophages. Thus, we
report the identification of a mutant defective for growth in
MDMs that replicates normally in HEp-2 and A549 epithelial
cells.

Intramacrophage trafficking of migR and fevR mutants. Af-
ter uptake by MDMs, F. tularensis prevents phagosome-lyso-
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FIG. 5. Intracellular growth of migR and fevR mutant strains.
(A) Wild-type LVS, the original Tn5 migR mutant (Tn), site-directed
migR (migR) and fevR (fevR) mutants, and their corresponding com-
plemented migR_ and fevR, strains were used to infect MDM cells
(MOI, 20:1) in vitro, and intracellular growth was quantified as de-
scribed in Materials and Methods. There was no significant difference
in growth between the original Tn5 migR mutant and the site-directed
migR mutant (P = 0.951). Complementation of the migR strain with
the full-length FTL_1542 gene in trans restored growth in MDMs (P <
0.001). (B and C) Wild-type LVS, site-directed migR and fevR mutants,
and their corresponding complemented strains migR, and fevR. were
used to infect A549 (MOI, 100:1) cells in vitro. Uptake of each strain
was quantified after 1 h for MDMs or 4 h for A549 cells. Intracellular
growth for each cell type was determined 24 h after infection. Data
were normalized by dividing the results at the 24 h time point by those
at the 1 h or 4 h time point. Both migR and fevR mutant strains were
impaired for growth in MDMs, while only the fevR mutant was defec-
tive for growth defect in A549 cells. Representative data from one of
three experiments performed in triplicate are presented.

some fusion and resides in a compartment that accumulates
late endosome membrane glycoproteins prior to phagosome
egress and replication in the cytosol (16, 17, 54, 55). In con-
trast, mutant bacteria that lack functional mgl4 or an intact
FPI are defective for phagosome escape and reside in mature
phagolysosomes (8, 54, 55). Since the data in Fig. SA indicated
that intracellular growth of the migR and fevR mutants are
impaired, we used confocal microscopy to assess the intracel-
lular fate of these mutants and to begin to determine whether
either strain exhibited an aberrant trafficking phenotype. In-
fected MDMs were analyzed 1 h or 18 to 22 h after initiation
of infection, and in each case, cells containing wild-type LVS,
mutant organisms, or their #rans-complemented counterparts
were directly compared. Representative images are shown in
Fig. 6A to C, and pooled data from three independent exper-
iments are summarized in Fig. 6D and E.
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Our findings indicate that early in infection (1 h after up-
take), the vast majority of the migR and fevR mutants, as well
as the trans-complemented migR. and fevR_ strains, resided in
phagosomes that accumulated the late endosome membrane
glycoprotein lamp-1 but not the lysosomal marker cathepsin D
and, in this manner, resembled wild-type LVS (Fig. 6A to D).
No significant differences in initial infection efficiency were
detected, and ~75% of the macrophages in each monolayer
contained intracellular bacteria (data not illustrated). How-
ever, as infection progressed, it became apparent that the migR
and fevR mutants had distinct fates in MDMs that differed both
from one another and from wild-type LVS. Thus, by 5 h after
uptake, ~50% of wild-type LVS had breached the phagosome
membrane (data not shown); after 18 to 22 h at 37°C, the
robust growth of wild-type bacteria in the MDM cytosol was
readily apparent (Fig. 6A), and these organisms did not colo-
calize with lamp-1 or cathepsin D (Fig. 6A and E). Analysis of
MDMs infected for 19 to 22 h with the migR or fevR mutants
demonstrated that the vast majority of both strains remained
trapped inside phagosomes and did not reach the cytosol (Fig.
6E). Compartments containing the migR mutant resembled
mature phagolysosomes as indicated by their accumulation of
lamp-1 and cathepsin D (Fig. 6B and E). Similar data were
obtained for the original Tn5 insertion mutation in FTL 1542
(data not shown). In contrast, the fevR mutant appeared
trapped in a more immature compartment that lacked cathep-
sin D despite a sustained accumulation of lamp-1 (Fig. 6C and
E). Robust replication of both complemented strains (migR,
and fevR, strains) in the MDM cytosol 18 to 22 h after uptake
(Fig. 6B and C) confirms a role for both migR and fevR in the
manipulation of macrophage membrane trafficking by F. tula-
rensis strain LVS.

Mutations in migR and fevR affect the ability of F. tularensis
to block NADPH oxidase activity in neutrophils. An important
aspect of F. tularensis virulence is its ability to prevent neutro-
phil activation (1, 40). To assess whether the migR or fevR
mutants were compromised in their ability to block NADPH
oxidase activity, we performed luminol-enhanced CL assays to
measure the production of oxidants during the infection of
PMN. Concordant with our published data (3, 40, 58), infec-
tion of PMN with wild-type LVS did not trigger a respiratory
burst (Fig. 7). In marked contrast, both the strain carrying the
Tn5 insertion in FTL_1542 and the site-directed migR mutant
stimulated similar levels of NADPH oxidase activation in
PMN, as judged by the luminol CL assay. Not surprisingly, the
fevR mutant was also unable to prevent oxidant production
(Fig. 7). For both migR and fevR mutant strains, PMN NADPH
oxidase inhibition was restored by complementation with the
wild-type gene in trans. Collectively, these data demonstrate
that migR and fevR play a role in the disruption of neutrophil
function, likely via effects on the expression of genes in over-
lapping regulons.

DISCUSSION

The facultative intracellular pathogen F. tularensis is capable of
subverting the early innate immune response and replicating
within macrophages and epithelial cells to cause significant mor-
bidity and mortality in humans. Previous studies have demon-
strated that genes within the iglABCD operon are induced in
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FIG. 6. Composition of migR and fevR mutant phagosomes in MDMs. (A to C) Representative confocal sections of MDMs infected for 1 h or 19
to 22 h (overnight) at 37°C with LVS (A), the migR mutant or its trans-complemented migR,, strain (B), or the fevR mutant and its #rans-complemented
fevR_ strain (C). In each case, samples were stained to detect bacteria and lamp-1 (lamp) or cathepsin D (catD), as indicated. Arrows indicate positive
phagosomes. (D to E) Percentage of bacteria inside MDMs that were infected for 1 h (D) or overnight (E) that were inside lamp-1- or cathepsin
D-positive phagosomes. Data are the averages * the standard errors of the means of the results from three independent experiments performed in
triplicate.

response to growth under iron-limiting conditions (11, 21, 36, 42, Fur binding site in the middle of an operon would be an unusual
62); however, the underlying mechanism remained obscure. One regulatory arrangement. We have examined the effect of iron
research group has identified sequences upstream of the ig/C gene concentration and overexpression of the Fur repressor in strains
with similarity to the consensus Fur binding site (21), although a containing chromosomal reporters of either ig/B or fsIC transcrip-
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tion. The fsIC gene is part of an operon that is regulated by iron
and carries a strong consensus Fur binding site upstream of f5l4,
the first gene of the operon (21, 62). Chromosomal reporters of
iglB and fs5IC were induced when grown under iron-limiting con-
ditions, although induction of the igIB reporter was mild. As
expected, the chromosomal reporter of f5/C activity was repressed
by the overexpression of Fur in both iron-replete and iron-de-
pleted growth media. In contrast, overexpression of Fur had no
significant effect on the expression of ig/B regardless of the iron
concentration in the media.

To identify the region of DNA containing iron-responsive
regulatory sequences, we cloned DNA fragments upstream of

iglA, iglC, and fsl4 into a Francisella-E. coli shuttle plasmid
containing a lacZ reporter gene. Wild-type or fur mutant Fran-
cisella strains were transformed with each reporter plasmid.
The fsiA DNA fragment contains a well-conserved Fur box
DNA sequence. As expected, this reporter plasmid produced
much more lacZ activity (~73-fold) in the fur mutant than in
the wild-type background, regardless of the iron concentration
in the growth medium. Furthermore, reporter activity is in-
creased ~33-fold in the wild-type strain when grown in iron-
limiting medium. These data provide compelling support for
the notion that the f5sl4 operon is regulated by Fur in response
to iron in a conventional manner. A reporter containing DNA
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FIG. 7. migR and fevR mutants activate human neutrophils. Neutrophils were left untreated (UN) or were infected with LVS, the original Tn5
FTL_1542 insertion mutant (Tn), the migR mutant (migR), its trans-complemented strain migR,, the fevR mutant (fevR), or its trans-complemented
strain fevR, at 37°C, and ROS production was measured at 30-s intervals for 1 h using the luminol assay. Data indicate luminol CL in counts per
second (cps) and are the averages * the standard errors of the means (gray bars) of triplicate samples from the results of one representative

experiment.

upstream of the igl4 gene, likely to include promoter and
regulatory sequences, underwent a mild ~2- to 3-fold induc-
tion in the wild-type background, but was also induced slightly
in the fur mutant genetic background when grown in iron-
limiting medium. These data are consistent with the results
from our fur overexpression studies and suggest, at best, a
modest role for Fur in the regulation of the iglABCD operon.
The lacZ reporter plasmid containing DNA sequences up-
stream of the ig/C gene with a weak putative Fur box showed
no responsiveness to changes in iron concentration, or to the
presence or absence of Fur. We conclude that Fur binding
sequences are present upstream of igl4, but not ig/C. Together,
these data suggest a minor role for iron and the Fur protein in
the regulation of iglABCD and that the regulatory effects are
exerted through the DNA sequence upstream of the operon.

Since our initial data demonstrated that Fur did not have a
dominant regulatory role on the ig/ operon, we mutagenized an
F. tularensis LVS strain carrying a chromosomal reporter of
igIB transcription, in an attempt to identify new regulators
of this operon. A mutant library screen identified one mutant
of interest with a transposon insertion in the F. tularensis LVS
gene migR (FTL_1542) that resulted in a reduced expression of
genes in the igl operon as indicated by use of transcriptional
reporters as well as Western blotting. migR was also identified
in an F. novicida screen for regulators of pepO (9), and it is
noteworthy that the pepO gene is thought to be nonfunctional
in F. tularensis subspecies tularensis and holarctica (31). Based
on limited homology, migR was annotated as caiC in the Schu
S4 chromosome in GenBank, a designation that has since been
removed. Because of its regulatory effects on fevR and
iglABCD, and its intracellular growth phenotype in macro-
phages, we have given the FTL 1542 open reading frame

(ORF) the designation of migR (macrophage intracellular
growth regulator).

Transposon and site-directed mutagenesis of migR resulted in
decreased expression of ig/ genes and a reduced ability of mutant
bacteria to grow in primary MDMs. Gene orientation and the
short intragenic regions between predicted genes suggest that
migR could be the first gene in an operon that includes
FTL_1541 (mraW, S-adenosyl-methyltransferase), FTL 1539
(hypothetical protein), and FTL_1538 (ftsI, penicillin binding
protein) (Fig. 3D). This gene arrangement is shared among F.
tularensis subspecies. MigR is annotated as a hypothetical pro-
tein that shares some similarity to acyl coenzyme A ligases and
contains a conserved AMP-binding domain. Proteins sharing
this functional domain are commonly involved in fatty acid
modifications, such as the activation of fatty acids by the ad-
dition of coenzyme A as they enter the cytoplasm to both
sequester the fatty acid as well as initiate metabolism of the
energy-rich substrate (33). Although it is possible that migR is
operonic with one or more of the downstream genes, the ability
to complement the various phenotypes of this mutant with just
the FTT_1542 OREF alone in several assays is strong genetic
evidence that the mutation is not polar or that downstream
genes are not strongly associated with the regulatory function
of migR. Furthermore, the regulatory effect exerted by migR is
specific and not due to a general downregulation of gene ex-
pression in F. tularensis, since other genes examined by qRT-
PCR are unaffected by this mutation. While it is not immedi-
ately clear how this gene product is exerting a regulatory effect
on fevR and, thus, on iglABCD, proteins sharing domain ho-
mology regulate gene expression in E. coli through the modi-
fication of fatty acids, enabling them to interact with DNA
binding regulatory proteins (7, 22).
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FIG. 8. Model for the role of MigR in the regulation of igl4ABCD.
MglA and SspA form a heterodimer that is required for fevR and
iglABCD expression. MigR does not affect the expression of mgl4,
sspA, or pmrA. However, fevR expression is reduced 15-fold in a migR
mutant. This reduction in fevR expression results in an eightfold re-
duction in the expression of the iglABCD operon.

To determine if the regulatory effect of the migR mutant was
exerted through any of the previously identified regulators of
the iglABCD operon, we used real-time qRT-PCR to compare
the levels of mglA, sspA, pmrA, or fevR transcription in the
migR mutant with the parent strain. As expected, based on the
results of our reporter and protein blot assays, we found that
the number of ig/C transcripts was reduced in the migR mutant.
Interestingly, the level of fevR transcripts was significantly re-
duced in this strain, and to a much lesser extent, the level of
sspA transcripts was also reduced. The reduction in fevR was
dramatic in the mutant strain (15-fold; P < 0.001), while the
reduction in the level of sspA transcripts was 1.4-fold (P =
0.043) and may not be biologically significant. This led us to
conclude that the regulatory effect of migR on the igl operon is
indirect, likely via the downregulation of FevR (Fig. 8). Previ-
ous studies have also shown that fevR expression requires
MglA, SspA, and PmrA (9, 43). Expression of fevR in an mglA
mutant is reduced 5- to 10-fold (9, 10), while expression of fevR
in a pmrA mutant is reduced only 2.4-fold compared to that in
the wild-type strain (43). These observations suggest that FevR
is a central regulator of FPI gene expression with several other
gene products, in turn, modulating the expression of fevR. It is
attractive to speculate that different stimuli encountered by F.
tularensis alter fevR expression through different signaling cas-
cades, although no specific data are available to support this
hypothesis at this time.

Wild-type F. tularensis is capable of rapid, robust growth in
both epithelial cells and macrophages (17, 37). Mutations in
genes in the iglABCD operon nearly ablate replication in mac-
rophages in vitro and markedly attenuate virulence in a mouse
model of infection (30, 65). Given the finding that the migR
mutation described here resulted in the net reduction of ig/
expression, we expected that the mutant strain would be im-
paired for intracellular replication within host cells. Upon in-
fection of primary human macrophages, we found the migR
mutant to be capable of only modest replication beyond the
initial infection numbers. This was in sharp contrast to wild-
type LVS, which multiplied up to 70-fold over the same 24-h
time period. As indicated by measurement of CFU, the defect
in intra-MDM growth was partially ameliorated by comple-
mentation with the full-length wild-type migR (FTL_1542)
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(Fig. 5A); confocal analysis revealed that 18 h after uptake,
MDMs infected with wild-type LVS contained ~50% more
bacteria than did cells infected with the migR, strain (Fig. 6A
and B) (L. Allen, unpublished data). Nevertheless, by 30 to
48 h postinfection, both the migR_ strain and wild-type LVS led
to destruction of the MDM monolayer (Allen, unpublished).
Thus, although the migR, strain grew more slowly than did
wild-type bacteria in MDM, our data strongly suggest that the
mutation of migR accounts in large part for the reduced ig/
gene expression and the intracellular growth defects we de-
scribe.

Similar infection and intracellular growth experiments were
also carried out with HEp-2 and A549 epithelial cell lines. These
cell lines were more permissive for the intracellular replication of
the wild type, which increased 500- to 1,000-fold over the 24-h
experiment. Surprisingly, the migR mutant grew normally in both
of these cell types, while the fevR mutant did not. These data
indicate that migR is required for intracellular survival and repli-
cation in MDM s but not for growth in cultured epithelial cells. In
contrast, FevR is required for growth in all cell types tested. FevR
is not only a regulator of the iglABCD operon but also requires
MglA and SspA for activity (9). Because of this regulatory mech-
anism, the fevR mutation may produce a more pronounced phe-
notype in macrophages than does the migR mutation, which only
downregulates fevR. We know of no studies to date that examine
the Francisella-containing compartment in epithelial cells or the
effect of mutations in ig/ genes on the composition of this com-
partment. The contrasting phenotypes of fevR and migR mutants,
along with those of ig/l mutants, will enable future studies to
examine the role of the ig/ operon in the fate of F. tularensis in
epithelial cells.

The distinct phenotypes of the mutant strains in epithelial cell
lines could be due to at least one of the following mechanisms.
First, reduced iglABCD expression in the migR mutant, as op-
posed to a complete loss of iglABCD expression in the fevR mu-
tant, could account for the different intracellular growth pheno-
types of the strains in MDMs and A549 cells. This explanation
would require that a low level of iglABCD expression in the migR
mutant would be sufficient to allow endosomal escape and repli-
cation in the less hostile environment of epithelial cells, while not
being sufficient to avert the phagosomal maturation process of
macrophages. Alternatively, the different growth phenotypes of
migR and fevR in epithelial cells could be the result of MigR
responding to different signals that are present in one cell type but
not another.

Neutrophils provide an essential first line of defense against
invading microbes, and a key component of their killing arse-
nal is the NADPH oxidase. This enzyme catalyzes the conver-
sion of molecular oxygen into superoxide anions, which are
then converted into other ROS, including H,O, and HOCI (5).
We have shown previously that F. tularensis strain LVS evades
killing by neutrophils via its ability to inhibit NADPH oxidase
assembly and activation at the phagosome membrane (3, 40).
Virulence factors that prevent neutrophil activation during
tularemia are not well defined. We now show that while wild-
type bacteria prevent ROS production, phagocytosis of the
migR or fevR mutant strains triggers a moderate respiratory
burst that is abrogated by expression of a full-length copy of
FTL_1542 (migR) or FTL_0449 (fevR) in trans. These data
suggest a role for migR in the disruption of neutrophil NADPH
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oxidase activity. Indeed, we also identified migR by direct
screening of an LVS Tn5 mutant library (11, 58) for mutants
that no longer prevent neutrophil activation (Allen, unpub-
lished). Thus, we favor a model in which migR regulates genes
in addition to those in the iglABCD operon, perhaps including
acpA, which encodes an acid phosphatase that can inhibit por-
cine NADPH oxidase activity in vitro (51).

The current model for lethal infection by F. tularensis in-
volves the inhalation of as few as 1 to 10 viable bacteria, which
are engulfed by lung alveolar macrophages (49, 66). F. tularen-
sis rapidly replicates in this niche, and infected macrophages
mediate dissemination to the liver and spleen (25). Accord-
ingly, research efforts and infection models have focused on
understanding the interactions between F. tularensis and
MDMs, elicited murine peritoneal macrophages and murine
bone marrow-derived macrophages, as well as human and mu-
rine macrophage-like cell lines. Since the endotoxin of F. fu-
larensis is nonstimulatory, it is generally believed that patho-
genesis is mediated by the ability of the bacteria to replicate
intracellularly, the principal target of growth being macro-
phages (46, 63). In general, mutants defective for growth in
macrophages are also attenuated for in vivo virulence. How-
ever, a few mutants that grow normally inside macrophages yet
exhibit reduced virulence in mouse infection models have been
reported (12, 24, 38, 65). In this study, we report the identifi-
cation of mutations that differentially affect PMN activation
and intramacrophage growth and are dispensable for replica-
tion in A549 and HEp-2 cells. We show for the first time that
mutants lacking a functional migR (FTL_1542) reside in com-
partments with features of mature phagolysosomes in MDMs
and, in this manner, resemble mutants that lack functional
mglA or iglC (8, 54, 55). At the same time, the fact that this
mutant grew normally in A549 and HEp-2 cells suggests that
replication of F. tularensis in epithelial cells may represent an
important, yet understudied, aspect of tularemia. In this same
vein, we recently demonstrated that uracil auxotrophic mutants
of LVS are killed by MDMs and neutrophils, yet replicate
normally in macrophage- and epithelial-like cell lines (58).
What accounts for these cell type-specific virulence defects is
unknown and merits further investigation. In this regard it is
also noteworthy that the fevR and migR mutants, while both
defective in phagosome escape and intracellular growth, ap-
peared to reside in distinct compartments in MDMs since
phagosomes containing the migR mutant accumulated the ly-
sosomal marker cathepsin D whereas phagosomes containing
the fevR mutant did not. Although these data suggest that the
migR and fevR mutants differentially affect macrophage mem-
brane trafficking, additional studies are needed to ascertain
whether fevR mutants exhibit specific defects in phagosome
escape while retaining at least partial capacity to induce phago-
some maturation arrest.

In summary, we conclude that reduced iron availability and
Fur play modest roles in the regulation of the iglABCD operon.
Perhaps this represents a “fine tuning” of the expression of
these genes necessary in a specific survival niche. Importantly,
we have identified a gene in F. tularensis LVS that regulates the
expression of iglABCD, likely through the reduced expression
of fevR, and may also influence expression of other genes
throughout the F. tularensis chromosome. Mutations in migR
result in the reduced expression of fevR and genes in the ig/
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operon and also negatively affect growth in primary human
macrophages but not that in epithelial cells. Moreover, the
effects of the fevR and migR mutants on neutrophil NADPH
oxidase activity and macrophage membrane trafficking are
novel and provide avenues for further study.
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