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The facultative intracellular bacterium Francisella tularensis causes the zoonotic disease tularemia. F.
tularensis resides within host macrophages in vivo, and this ability is essential for pathogenesis. The tran-
scription factor MglA is required for the expression of several Francisella genes that are necessary for
replication in macrophages and for virulence in mice. We hypothesized that the identification of MglA-
regulated genes in the Francisella genome by transcriptional profiling of wild-type and mgl4 mutant bacteria
would lead to the discovery of new virulence factors utilized by F. fularensis. A total of 102 MglA-regulated genes
were identified, the majority of which were positively regulated, including all of the Francisella pathogenicity
island (FPI) genes. We mutated novel MglA-regulated genes and tested the mutants for their ability to replicate
and induce cytotoxicity in macrophages and to grow in mice. Mutations in MglA-regulated genes within the FPI
(pdpB and cds2) as well as outside the FPI (FTT0989, oppB, and FTT1209c) were either attenuated or
hypervirulent in macrophages compared to the wild-type strain. All of these mutants exhibited decreased
fitness in vivo in competition experiments with wild-type bacteria. We have identified five new Francisella
virulence genes, and our results suggest that characterizations of additional MglA-regulated genes will yield
further insights into the pathogenesis of this bacterium.

The facultative intracellular bacterium Francisella tularensis
is the etiological agent of tularemia, a zoonotic disease of
humans, rabbits, rodents, and hares (16). The clinical manifes-
tations of tularemia vary depending on the virulence of the
strain and the route of inoculation. Inhalation of F. tularensis
subspecies fularensis, the most virulent subspecies, results in
the pneumonic form of tularemia, a fulminating disease in
humans (12). F. tularensis can be acquired through the skin,
from a tick bite, or from contact with an infected animal, which
results in the ulceroglandular form of the disease. Francisella
can also be contracted through the conjuctiva, causing the
oculoglandular form of tularemia. Less commonly, ingestion of
contaminated foods or water may result in clinical symptoms.
Once the bacterium enters the body, it travels to the draining
lymph nodes and then spreads to the liver, lungs, and spleen of
infected humans or animals, where it replicates to high num-
bers. Francisella novicida rarely causes disease in humans but
causes a systemic tularemia-like disease in mice and therefore
offers a good model with which to study Francisella pathogen-
esis (24, 35, 37).

Francisella is found primarily within macrophages in the host
(2). Therefore, Francisella-macrophage interactions have been
studied in vitro as a model for in vivo interactions. Francisella
readily enters unactivated macrophages and is initially con-
tained within a vacuole. The Francisella-containing vacuole has
been reported to avoid phagosome-lysosome fusion before the
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bacteria escape the phagocytic vacuole and replicate to high
numbers in the cytosol (10, 17). It has also been reported that
Francisella induces apoptosis (26) and abrogates Toll-like
receptor signaling (44). However, when Francisella enters ac-
tivated macrophages, cytosolic Francisella induces a host de-
fense response, and the macrophage undergoes rapid caspase-
1-dependent cell death (33). Several mutants that do not
induce macrophage death in activated macrophages have been
identified (33). Unlike wild-type bacteria, these mutants reside
within a vacuole at 6 h postinfection and are attenuated for
growth in macrophages and in mice (6, 35). Although it is
known that replication in macrophages is important in the
pathogenesis of tularemia, very little is known about the
genetic and molecular mechanisms that govern Francisella
interactions with macrophages.

Baron and Nano previously isolated a spontaneous Fran-
cisella mutant with altered colony morphology on plates con-
taining the chromogenic phosphatase substrate XP, which in-
dicated that this strain may have been a spontaneous
phosphatase mutant or altered in the expression of an exported
phosphatase (6). This mutant was unable to replicate in mac-
rophages, and the mutated locus was identified by a comple-
mentation strategy and named mglAB, for macrophage growth
locus (6). MglA and MgIB are homologs of SspA and SspB
from Escherichia coli, which are global regulators of the strin-
gent starvation response. SspA is a transcription factor in-
volved in the regulation of genes contributing to the stringent
starvation response, acid resistance, and phage P1 late genes
(19, 20, 49, 50). SspB is an accessory factor that determines
substrate specificity for the ClpXP protease (31).

Additional studies have shown that the mgl4 transcript is
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induced inside macrophages (5), and MglA has subsequently
been found to regulate the expression of several genes neces-
sary for replication in macrophages and for virulence, includ-
ing the intracellular growth locus genes iglA, igIC, and igID and
the pathogenicity determinant protein genes pdpD and pdpA
(29). These genes lie within a ~30-kb stretch of the genome
that has characteristics of a pathogenicity island (13), including
a lower G+C content in the DNA of this region as well as the
presence of virulence genes (35). This region has been desig-
nated the Francisella pathogenicity island (FPI).

The sequencing of the Francisella genome (27, 35) allowed
us to construct a Francisella microarray to examine global
transcriptional responses. Since MglA was identified as a reg-
ulator of virulence genes, we began by investigating the tran-
scriptional differences between wild-type Francisella and an
mglA mutant during growth in rich media, conditions under
which MglA-regulated genes are expressed (5). We identified
102 MglA-regulated genes, the majority of which are positively
regulated, including the entire FPI. We mutated eight MglA-
regulated genes both within and outside the FPI and show that
five of these genes encode novel virulence factors utilized by
Francisella during in vitro infections of macrophages and dur-
ing in vivo infection in mice.

MATERIALS AND METHODS

Bacterial strains and growth. Wild-type F. novicida strain U112 and an iso-
genic mglA point mutant (GB2) described previously (6, 35) were obtained from
Karen Elkins. Bacteria were grown with aeration overnight in tryptic soy broth
(Difco Laboratories, Detroit, MI) supplemented with 0.2% cysteine. Bacteria
were plated onto tryptic soy agar (Becton Dickinson, Sparks, MD) supplemented
with 0.1% cysteine (Sigma, St. Louis, MO) or modified Mueller-Hinton (MH)
agar (Difco) supplemented with 0.025% ferric pyrophosphate (Sigma), 0.02%
IsoVitaleX (Becton Dickinson), 0.1% glucose, and 0.025% calf serum (GIBCO,
Carlsbad, CA). Kanamycin (15 pg/ml), erythromycin (50 pg/ml), and streptomy-
cin (400 pg/ml) (all from Sigma) were added to the growth media when appro-
priate. E. coli strain DH12S was used for cloning and was grown in Luria broth
(Difco Laboratories, Detroit, Mich.).

Microarray design. Open reading frames (ORFs) for the Francisella tularensis
LVS (live vaccine strain) and SchuS4 genome sequences were predicted by using
Glimmer2 (11, 40). Corresponding U112 genes are referred to by the SchuS4
locus tag. Oligonucleotides of 70 bp were selected for each ORF using Array-
OligoSelector (9). Oligonucleotides were designed to represent genes present in
(i) SchuS4 and LVS, (ii) LVS and not SchuS4, or (iii) SchuS4 and not LVS based
on a cutoff of 70% identity over 80% of the sequence length. Whenever possible,
two 70-mer oligonucleotides were selected for each ORF (88%); however, this
was not possible in some cases due to predicted cross-hybridization. The speci-
ficity of the designed oligonucleotides was verified in silico by an examination of
BLAST similarity and the free energies of the oligonucleotides against their
second-best matches in the genome. Oligonucleotides were purchased from
QIAGEN (Valencia, CA) and resuspended in 3X SSC (1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate). Glass slide preparation, printing, and processing
after printing were performed as described previously (14). The final array
contains 4,219 independent spots representing 2,242 ORFs.

Time courses and RNA isolation. Liquid cultures of U112 and mgl4 mutant
strain GB2 were grown overnight at 37°C with shaking and subcultured to an
optical density at 600 nm (ODgq) of 0.006 in 300 ml. Samples were taken for
serial dilutions to verify the ODy, and to determine the CFU for time zero, and
the cultures were then placed into a shaking 37°C water bath to minimize
changes in temperature. Samples were taken throughout the growth curve for
RNA isolation and to determine the ODg,, and CFU counts. Ten samples were
taken during the first growth curve at 0.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, and 7.5 h. Seven
samples were taken during the second growth curve at 1, 3, 5, 6, 7, 8, and 10 h.
RNA was harvested as previously described (45). Briefly, bacteria were collected
onto 0.45-pm nitrocellulose filters (Millipore, Bedford, Mass.) by vacuum filtra-
tion, placed into a 50-ml conical tube, and then immediately frozen in liquid N,
and stored at —80°C. RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA) as previously described (45). The aqueous phase was used in the
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RNeasy Clean-Up protocol (QIAGEN, Chatsford, CA) with an on-column
DNase digestion step for 40 min (QIAGEN, Chatsford, CA). The concentration
and purity of RNA were assessed by measuring the OD,4, and the OD,g, and
the integrity of the RNA was verified on a 1% agarose gel.

Preparation of cDNA probes, hybridization, and analysis. For each of the time
courses, equal quantities of RNA from each of the U112 and GB2 samples were
combined to create a common reference for the experiment. For each time point
or reference sample, cDNA was synthesized from 1 pg of total RNA in a
standard reverse transcription (RT) reaction using 5 g of random hexamers
(Amersham Biosciences, Piscataway, NJ) and Superscript III (Invitrogen).
Amino allyl dUTPs were incorporated at this step (2.5 mM dATP, 2.5 mM dCTP,
2.5 mM dGTP, 1 mM amino allyl dUTP, and 1.5 mM dTTP) (Invitrogen). cDNA
was purified using Zymo DNA purification columns as specified by the manu-
facturer (Zymo Research Corp., Orange, CA), and samples from each time point
were labeled with Cy5 (red) fluorophores and the reference was labeled with Cy3
(green) fluorophores as previously described (Amersham Biosciences) (45). Un-
incorporated fluorophores were quenched using 5 ul of 4 M hydroxylamine and
incubated in the dark for 15 min. The samples from each time point and refer-
ence samples were then combined, and unincorporated dyes were removed using
Zymo DNA purification columns. For hybridization, cDNA was eluted in 19 pl
of Tris-EDTA buffer, and 2 pl of 20 mg/ml yeast tRNA (Invitrogen), 4.25 pl of
20X SSC, and 0.75 pl of 10% sodium dodecyl sulfate were added to the probe.
Probes were denatured for 2 min at 99°C, spun at 17,900 X g, and cooled at room
temperature before they were added to the arrays. The samples and arrays were
incubated at 60°C for ~14 h, and stringency washes were performed as described
previously (14). Briefly, the arrays were washed for 2 min each in a series of four
washes with increasing stringency: (i) 2X SSC-0.03% sodium dodecyl sulfate, (ii)
2X SSC, (iii) 1x SSC, and (iv) 0.2X SSC. The microarrays were scanned and
analyzed using a Gene Pix 4000A scanner and GENEPIXS5.1 software (both from
Axon Instruments, Redwood City, CA).

Normalized data were collected using the Stanford Microarray Database (43).
Spots were excluded from analysis due to obvious abnormalities, a regression
correlation of <0.6, or a Cy3 net mean intensity of <100. Only spots with at least
70% good data across the experiment were included for analysis. The ratios of
the red (time point sample) channels to green (reference) channels for each spot
were expressed as log,(red/green) and used for hierarchical clustering using the
CLUSTER program (15). Results were visualized using the TREEVIEW
program (15). Using data from all of the microarrays and both growth curves,
significant differences between the wild-type and mutant growth curves were
determined using the Significance Analysis for Microarrays (SAM) program,
v. 1.21 (46). Using the two-class statistical analysis tool in the SAM program,
a list of genes whose transcript levels were significantly increased or de-
creased between the two groups was calculated. A calculated false discovery
rate of <1% was used to assign significance, and a twofold cutoff in the
change in expression level was imposed. The genes identified by SAM analysis
are included in Table 1.

qRT-PCR. Quantitative real-time RT-PCR (qRT-PCR) was performed with
the rTth enzyme (Applied Biosystems, Foster City, CA) and gene-specific prim-
ers (Table 2) using a Bio-Rad iCycler according to the manufacturer’s instruc-
tions. SYBR green was used to detect signals. To calculate the gene-specific
message, a standard curve was plotted for each primer set using a dilution series
of RNA from a sample known to contain the message of interest. To compare
transcript abundance from the wild-type and that from an mgl4 mutant, values
were normalized to DNA helicase (FTT0121) to obtain relative quantities of
message.

Mutagenesis. To create Francisella deletion mutants, the regions of the chro-
mosome 5" and 3’ to the gene of interest were amplified by PCR, introducing
NotI and Sall or NotI and Xbal sites, respectively, and cloned into a Topo-TA
vector (Invitrogen) (primers are listed in Table 2). The Topo plasmid was
purified, and the insert was cut out with the appropriate restriction enzymes. We
amplified the pFNLTP7 (32) kanamycin resistance cassette by PCR, introducing
Notl restriction sites on both sides of the gene. The 5’ and 3" homologous regions
and the NotI-digested kanamycin cassette were then ligated into the pACYC184
backbone digested with Xbal and Sall. The resulting plasmid was then trans-
formed into chemically competent strain U112 as previously described (3). Mu-
tants were selected on modified Mueller-Hinton agar (Difco Laboratories) sup-
plemented with kanamycin (15 pg/ml). Allelic replacement of the gene of
interest was assessed by PCR to verify that U112 had undergone double homol-
ogous recombination, and these primers are listed in Table 2 as primers F2 and
R2. Clones whose genomic DNA was amplified by PCR to the correct size were
then sequenced and tested for their ability to grow in tryptic soy broth plus 0.2%
cysteine by determining the ODg, and counting CFU.

To select for a spontaneous streptomycin-resistant strain of GB2 for compe-
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TABLE 1. List of MglA-regulated genes®

INFECT. IMMUN.

Locus tag Gene Gene product KEGG classification Score? Fold c
change
10 genes significantly
upregulated in
mglA mutant
FTTO0551 Conserved hypothetical protein, pseudogene 1.95 2.11
FTT0552 Aldehyde dehydrogenase Metabolism 1.82 2.01
FTT0553 Hypothetical protein 1.97 2.20
FTT0747c Hypothetical protein 1.70 2.00
FTTO0844 Rossman fold oxidoreductase, pseudogene 1.59 222
FTT1195¢ Conserved hypothetical protein, pseudogene 2.64 2.09
FTT1288 Conserved hypothetical membrane protein 1.41 2.15
FTT1529 fadE Acyl-coenzyme A dehydrogenase Metabolism 1.20 2.37
FTT1532 Hypothetical protein 0.98 2.07
FTT1741c NAD-dependent formate dehydrogenase, 1.67 2.01
fragment
92 genes significantly
downregulated
in mgl4A mutant
FTT0005 gabD1 Succinate-semialdehyde dehydrogenase, Metabolism —2.65 0.49
fragment
FTT0070c ampG Major facilitator superfamily transport —3.53 0.42
protein
FTTO0101 Conserved membrane hypothetical protein —1.61 0.37
FTT0122 oppA Oligopeptide transporter, subunit A, ABC —3.05 0.45
transporter periplasmic protein
FTTO0123 oppB Oligopeptide transporter, subunit B, ABC —2.80 0.44
transporter, membrane protein,
pseudogene
FTTO0125 oppD Oligopeptide transporter, subunit D, ABC Environmental information —2.88 0.49
transporter, ATP-binding protein processing
FTT019%4c Conserved hypothetical membrane protein —2.42 0.50
FTT0218c Cytochrome b561 family protein, —2.68 0.48
pseudogene
FTT0242 Hypothetical protein —2.25 0.50
FTT0251 ivE Branched-chain amino acid Metabolism —2.68 0.47
aminotransferase
FTT0252 leuA 2-Isopropylmalate synthase Metabolism —2.98 0.46
FTT0254c Hypothetical protein =511 0.14
FTT0267 Hypothetical protein -8.35 0.18
FTT0296 pep Pyrrolidone-carboxylate peptidase Genetic information and -2.35 0.40
processing
FTT0297 Hypothetical membrane protein —2.53 0.47
FTT0298 holC DNA polymerase IIT (CHI subunit) protein Metabolism, genetic —3.08 0.40
information and
processing
FTT0310 Amino acid permease —3.44 0.37
FTT0311c Hypothetical protein —6.73 0.08
FTT0383 Hypothetical protein —6.05 0.27
FTT0403 defl Peptide deformylase —4.79 0.28
FTT0421 Outer membrane lipoprotein, pseudogene —5.40 0.29
FTTO511 Pyridoxine/pyridoxal 5-phosphate Metabolism —4.96 0.28
biosynthesis protein
FTT0512 Glutamine amidotransferase family protein —4.10 0.26
FTTO611c Beta-lactamase Environmental information —6.19 0.19
processing and
metabolism
FTT0612 ospD2 Hypothetical protein —4.56 0.39
FTT0613c Hypothetical protein —3.80 0.19
FTT0651 Proton-dependent oligopeptide transport Environmental information —4.42 0.34
family protein processing
FTT0723c Short-chain dehydrogenase/reductase family -3.19 0.49
FTT0724c dacB1 d-Alanyl-d-alanine carboxypeptidase —4.64 0.26
(penicillin binding protein) family protein,
pseudogene
FTT0726c Glycerophosphoryl diester Metabolism —3.74 0.36
phosphodiesterase family protein
FTT0852 Conserved hypothetical protein, pseudogene —4.55 0.21
FTT0878c msrB Peptide methionine sulfoxide reductase Genetic information and -2.18 0.50
processing
FTT0883 Alcohol dehydrogenase class I11, Metabolism —3.44 0.44
pseudogene
FTT0905 Type 1V pilus glycosylation protein —2.80 0.38
FTT0960 Hypothetical protein —3.58 0.45
FTT0961 mdaB Modulator of drug activity B -3.07 0.47
FTT0974 Amidinotransferase family protein, -2.93 0.46
pseudogene
FTT0975 Hypothetical protein —3.48 0.40

Continued on following page
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TABLE 1—Continued
I b Fold
Locus tag Gene Gene product KEGG classification Score ;
change
FTT0980 Aminotransferase, class 11 Metabolism —6.01 0.17
FTT0981 Hypothetical protein —6.34 0.14
FTT0987 Hypothetical protein -2.79 0.35
FTT0988 Hypothetical protein -2.90 0.29
FTT0989 Hypothetical protein —4.97 0.18
FTT0998 Hypothetical lipoprotein —1.34 0.37
FTT1032 Conserved hypothetical membrane protein, -5.37 0.21
pseudogene
FTT1033 yihQ Glycosyl hydrolase family 31 protein, Metabolism —6.82 0.16
pseudogene
FTT1034c ndh NADH dehydrogenase Metabolism -1.75 0.42
FTT1089 Isochorismatase hydrolase family protein —2.52 0.26
FTT1090 Conserved hypothetical membrane protein —3.80 0.21
FTT1091 Isochorismatase hydrolase family protein =271 0.39
FTT1122c Hypothetical lipoprotein —2.86 0.23
FTT1127 Rhodanese-like family protein -2.92 0.41
FTT1141 Conserved hypothetical protein, pseudogene -2.29 0.42
FTT1146¢ galM Aldose 1-epimerase (pseudogene) Metabolism =271 0.46
FTT1147c dfp 4’-Phosphopantothenoylcysteine Metabolism -2.76 0.43
decarboxylase,
phosphopantothenoylcysteine synthetase,
flavin mononucleotide binding
(bifunctional protein)
FTT1180 Conserved hypothetical protein, pseudogene —4.39 0.26
FTT1191 Aminoacylase Metabolism —2.67 0.46
FTT1209¢ Metallopeptidase family M13 protein, —6.16 0.08
pseudogene
FTT1242 Hypothetical protein -1.75 0.25
FTT1287 cbs Cystathionine beta-synthase (cysteine Metabolism —2.57 0.50
synthase)
FTT1289 Hypothetical protein —2.00 0.38
FTT1344 pdpA Hypothetical protein —4.21 0.20
FTT1345 pdpB Hypothetical protein —4.87 0.17
FTT1346 Hypothetical protein =5.15 0.19
FTT1347 Hypothetical protein -3.37 0.29
FTT1348 Hypothetical protein —3.52 0.34
FTT1349 Hypothetical protein —6.54 0.17
FTT1350 Hypothetical protein —5.63 0.19
FTT1351 Hypothetical protein —4.83 0.15
FTT1352 Hypothetical protein —4.94 0.16
FTT1353 cds2 Hypothetical protein —5.08 0.18
FTT1354 pdpC Hypothetical protein -3.07 0.36
FTT1355 cdsl Hypothetical protein -2.27 0.35
FTT1356¢ igID Intracellular growth locus, subunit D —5.54 0.28
FTT1357¢ iglC Intracellular growth locus, subunit C —5.93 0.11
FTT1358¢ iglB Intracellular growth locus, subunit B —7.62 0.06
FTT1359¢ iglA Intracellular growth locus, subunit A —6.28 0.09
FTT1360c pdpD Hypothetical protein —4.44 0.19
FTT1379¢ Conserved hypothetical protein, pseudogene —3.24 0.45
FTT1388 Hypothetical protein —2.26 0.42
FTT1391 panD Aspartate-1-decarboxylase Metabolism -2.79 0.41
FTT1400c Hypothetical protein —3.57 0.45
FTT1536¢ Hypothetical protein -3.62 0.44
FTT1541c Hypothetical protein —-3.80 0.29
FTT1542c omp26 Outer membrane protein 26 —5.28 0.14
FTT1558¢ Conserved hypothetical protein, pseudogene —4.84 0.32
FTT1565¢ Glycosyl hydrolase, family 3, pseudogene Metabolism -3.01 0.24
FTT1650c Chorismate mutase Metabolism —5.36 0.11
FTT1682 Conserved hypothetical protein, pseudogene —3.49 0.23
FTT1734c fopAl Outer-membrane-associated protein, —2.55 0.49
fragment pseudogene
FTT1755 gabD2 Succinate-semialdehyde dehydrogenase, —2.69 0.49
pseudogene
FTT1771 Hypothetical protein —2.95 0.27

“ U112 genes are referred to by the SchuS4 locus tag. FPI genes are in boldface type.

b Relative level of significance assigned by SAM.

¢ Change (n-fold) between the average of all wild-type microarrays and all mgl4 mutant microarrays.

tition experiments, 100 pl of a culture grown overnight was plated onto modified
MH agar supplemented with streptomycin (400 wg/ml). Individual streptomycin-
resistant clones were passaged on modified MH agar with streptomycin to ensure
that the clones were streptomycin resistant and tested for in vitro growth defects
in rich media.

Complementation of mutants. The chloramphenicol cassette from pACYC184
(NEB) was amplified with primers CmF and CmR (Table 2), introducing Clal
and Notl restriction sites, respectively. The omp26 promoter was amplified from
pLG62a (L. Gallagher and C. Manoil, unpublished data) with primers omp26f

and omp26r (Table 2), introducing NotI and Clal sites, respectively. The result-
ing PCR products were digested with Clal and ligated to create a chloramphen-
icol resistance cassette driven by the omp26 promoter. This cassette was cloned
into the NotlI site of pMTM-T3 (34). Additionally, a chloramphenicol version of
pDSK519 (23) was made by excising the kanamycin cassette using Pvull. The
omp26 promoter-driven chloramphenicol cassette was amplified using
omp26F_Pvull and cmR_Pvull, cut with Pvull, and ligated to the pDSK519
backbone. The resulting plasmid was called pDSC.

oppB, FTT1209c, and cds2 mutants were complemented in cis using a strategy
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INFECT. IMMUN.

TABLE 2. Primers used in this study

Primer and use Sequence”

Primer and use Sequence”

Mutagenesis

atatatatGCGGCCGCtttatggacagcaagcgaac
atatatatGCGGCCGCtcaattcagaagaactcgtc
.atatatatGTCGACctttagetcctatcegetaa
.atatatatGCGGCCGCgctttgagagtctttatagtt
.atatatatGCGGCCGCcgagacattctcactaacte
atatatat TCTAGALtttgtatccgcatcagaagt
ctgactctaactactgattac

.catcatctttagagctaaga
.atatatatGTCGACttagagtcgctttcatgtag
.atatatatGCGGCCGCaaagataaagcctcaagetc
atatatatGCGGCCGCttttatggtctttgaggcag
atatatat TCTAGAactcctgaatatcctaagtac
.aggagagtatcagcatattg

aagtgattctgaatcagacg
atatatatGTCGACatcatccataaattctggag
.atatatatGCGGCCGCltctcccatttaagatagaac
.atatatatGCGGCCGCtaatatggtaggagatgagg
.atatatatTCTAGAaaacatacaaggctctgaga
tttagtatcagctcttacce

agttgaagcaagtatcacag
.AtatatatGTCGACagtaatagcctttggagttg
.AtatatatGCGGCCGCectatctctctttatacgaca
.AtatatatGCGGCCGCttaggtatgattgtcaatge
AtatatatTCTAGAggtatgtcattagtttgget
aggcatactaaaagctatcc

.cgacacttgagcaaacgat
.AtatatatGTCGACatcccagttaacaactgagt
.AtatatatGCGGCCGCtgaagatagacaatcagaac
AtatatatGCGGCCGCectttcacagcataaattaactt
AtatatatTCTAGAatgcaggtatcatatgcttg
.fctaccatcaacaacttgttc

caacttgctgaatagtatcat
AtatatatGTCGACaagtgcaatagtttgtccac
.AtatatatGCGGCCGCaaacgcagcaacaaatagag
.AtatatatGCGGCCGCaaccaaaaaccactatctce
.AtatatatTCTAGAtgtatacatgtgatagtgac
accactaactttagccgctt

tggcttggattgcagacttt

cds2invl..
cds2inv2..
cds2rl ..

FTT0612inv1 ..
FTTO0612inv2

FTT1209cf1 . .AtatatatGTCGACtatttgcagctactataggg
FTT1209cinvl.. .AtatatatGCGGCCGCcctcaacaaaagattcaaca
FTT1209cinv2.. .AtatatatGCGGCCGCacaaagagttaatatctggtg
FTT1209cr1 ............... AtatatatTCTAGActgtagtatcaagctcggaa
FTT1209cf2 gettgtcttagttatggttg

FTT1209cr2. .caggaagcactgttggattt

FTT177111 ... .AtatatatGTCGACacaatattagcagctaaaggc
FTT1771inv1l .AtatatatGCGGCCGCctaaatcctcttaaggagtt
FTT1771inv2 AtatatatGCGGCCGCgttctgttagtttgttttgta

FTT1771r1 AtatatatTCTAGAaacccctaaagattgtttcg
FTT17712 gttgtatggttatgcagttg

FTT1771r2 getetggagagtggaat

FTT1032f1 .. ..AtatatatGTCGACtgagatactttacgtgcagaag

FTT1032inv1 ..
FTT1032inv2 ..

..AtatatatGCGGCCGCgctacttatacatacagtgat
..AtatatatGCGGCCGCgtactctttgtgagatattta
AtatatatTCTAGAatggatcttacaccatttag

agaccaattagtggtaagac
ctatcacggtattgctataa
Complementation
CmF...coooiiinnicinne ataATCGATatgatggagaaaaaaatcactggatatacc

ataGCGGCCGCttacgeecegecetgecacte
..ataGCGGCCGCggttgtcactcatcgtatttgg
ataCATCGAtccccttaagattgteg

cds2compfl ................ atatatatGTCGACatcatccataaattctggag

cds2compinvl . ..atatatatGCGGCCGCtctcccatttaagatagaac
cds2compinv2. ..atatatatGCGGCCGCtttatcagatagtgattcgg
cds2comprl..... ..atatatatTCTAGAaaacatacaaggctctgaga
oppBcompF ... atatatatGTCGAC Ctgtatacatgtgatagtgac

oppBcompinvl .......... atatatatGCGGCCGCtttgecattatttgacccte
oppBcompinv2 ..........atatatatGCGGCCGCaaacgcagcaacaaatagag
oppBcompR ... ..atatatat TCTAGAaagtgcaatagtttgceca
FTT1209compfl........ AtatatatGTCGACtatttgcagctactatagg
FTT1209compinvl ....atatatatGCGGCCGCctgctaaataagtgtcattattg
FTT1209compinv2....AtatatatGCGGCCGCacaaagagttaatatctggtg
FTT1209comprl........ AtatatatTCTAGActgtagtatcaagctcggaa
omp26F_pvull..........atatat CAGCTGggttgtcactcatcgtatttgg
CmR_pvull........ ..atatatCAGCTGttacgeccegeectgecacte
FTT0989compfl........ atatatACTAGTttaaaatctcacttacaaaaaatg
FTT0989comprl........ atatatACTAGTgcctagtattaaaaataacctt

qRT-PCR
hel F4 gggatgtegecettttgattttc
hel R4.... ..ctettttgteecttgtgettge
mglA R1 .. ..getecttttgetttgatagt
mglA F1... ..agaaagtaatccagatgctc
pepO F3 ggatgggttcagagtctaag
pepO R3 ccaagtgtatcgagatcttg

oppB F2...
oppB R2...
ospD2 F1.

..gtagaaacgcttaactctee
..atagtacccgtcagaatacc
..acaccagcattgtgtatggc
cttgtgaatgaccctgttge
tactggacttattagtgggage

1326 F7 ...
1326 R7

“ Capital letters indicate restriction site.

similar to the mutagenesis strategy described above. In this strategy, the PCR of
the 5’ region included a full-length version of the gene of interest and sufficient
upstream and downstream regions to allow for homologous recombination. The
omp26 promoter-driven chloramphenicol cassette described above was cut with
Notl and, along with the 5’ and 3’ digested regions, was ligated to Sall- and
Xbal-digested pMPM-T6 omega (34). The plasmid was then transformed into
the corresponding mutant, and allelic replacement was confirmed by screening
for chloramphenicol resistance and kanamycin sensitivity. The FTT0989 mutant
was complemented in frans by amplifying the FTT0989 gene and promoter using
FTT0989compF1 and FTT0989compR1 (Table 2), introducing Spel sites. pDSC
was cut using Xbal and ligated to Spel-cut FTT(0989. Colonies were screened for
the insertion of FTT0989 by PCR. Plasmid DNA was isolated from colonies with
insertions and transformed into a chemically competent FTT0989 mutant as
described previously (3). Complemented mutants were selected on Mueller-
Hinton agar (Difco Laboratories) supplemented with chloramphenicol (7.5 pg/
ml). All complemented clones were then sequenced and tested for their ability to

grow in tryptic soy broth plus 0.2% cysteine by measuring the ODg, and count-
ing CFU.

Bone-marrow-derived macroy Bone-marrow-derived macrophages were
prepared as described elsewhere previously (41). Briefly, bone marrow was
collected from the femurs of mice. Bone marrow cells were plated onto sterile
petri dishes and incubated in Dulbecco’s modified Eagle medium with high
glucose, L-glutamine, 110 mg/liter sodium pyruvate, and pyroxidine hydrochlo-
ride (Invitrogen Life Technologies) and supplemented with 10% fetal calf serum
(Invitrogen Life Technologies), 10 mM HEPES (Invitrogen Life Technologies),
and 30% macrophage colony-stimulating factor (M-CSF)-conditioned medium.
M-CSF-conditioned medium was collected from an L.929 M-CSF cell line. Bone
marrow cells were incubated at 37°C under 5% CO,, and macrophages were har-
vested after 6 days. All assays were performed using standard tissue culture plates at
37°C under 5% CO, in similar media, excluding M-CSF-conditioned medium.

Macrophage replication assay. Bone-marrow-derived macrophages were
seeded in 24-well plates at a density of 2.5 X 10° macrophages per well and
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FIG. 1. Wild-type and mgl4 mutant Francisella bacteria replicate
with similar kinetics in rich media at 37°C. Shown is a representative
growth curve for wild-type and mgl4 mutant Francisella strains. X,
time points when RNA was isolated from each strain.

incubated at 37°C and 5% CO, overnight. The macrophages were then infected
at a multiplicity of infection (MOI) of 25:1 (bacteria-to-macrophage ratio) and
centrifuged at 730 X g for 15 min to mediate attachment. The macrophages were
incubated (time zero) for 1 h and washed three times with warm media. Mac-
rophages were lysed at 2 and 10 h postinfection with 1% saponin in water for 5
min and then diluted in phosphate-buffered saline and plated onto tryptic soy
agar with 0.1% cysteine. Plates were incubated at 37°C and 5% CO, for 2 days,
and colonies were enumerated. Statistical analysis was performed using Student’s
two-tailed ¢ test for independent means.

Cytotoxicity. Bone-marrow-derived macrophages were seeded in 96-well
plates at 5 X 10* cells per well and incubated overnight with heat-killed F.
novicida, with approximately 100 heat-killed bacteria per macrophage. Cells were
infected at a multiplicity of infection of 100:1 or 10:1 (bacteria-to-macrophage
ratio) and centrifuged at 730 X g for 15 min to mediate attachment. Medium was
removed after 1 h and replaced with phenol red-free Dulbecco’s modified Eagle
medium with high glucose, L-glutamine, 110 mg/liter sodium pyruvate, and
pyroxidine hydrochloride (Invitrogen Life Technologies) supplemented with
10% fetal calf serum. Cell death was quantified colorimetrically using the Cyto-
Tox96 lactate dehydrogenase (LDH) release kit according to the manufacturer’s
instructions (Promega, Madison, WI).

Mouse infections. Six- to eight-week-old female wild-type C57BL/6 mice
(Jackson Laboratories, Bar Harbor, ME) were kept under specific-pathogen-free
conditions in filter-top cages. Mice were provided with sterile water and food ad
libitum. In competitive index (CI) experiments, mice were infected subcutane-
ously with equal amounts of the mutant strain (5 X 10* cells) and wild-type strain
U112 (5 X 10* cells) for a total of 10° bacteria in a 0.05-ml volume. The mice
were monitored for signs of morbidity and mortality twice daily for the entirety
of the study. Spleens were harvested at 2 days postinfection and homogenized,
and dilutions were plated to determine CFU/g tissue on both MH agar and MH
agar supplemented with the appropriate antibiotic to select for mutant bacteria.
Competitive indices were calculated as the ratio of mutant to wild type of the
output, normalized for the input, and significance was calculated by comparing
the log of the CI to 0. Standard errors were calculated and significance of results
was determined by the application of the Mann-Whitney statistical test to the
log,, value of the CI. All animal infection experiments were approved by the
Institutional Animal Care and Use Committee and the Institutional Biosafety
Committee of Stanford University.

Microarray accession numbers. Results of the SAM analyses are available at
the Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under
accession numbers GSE 5468.

RESULTS

Transcriptional profiles of wild-type and mgl4 mutant Fran-
cisella strains in rich media. To identify novel MglA-regulated
genes, we examined the global transcriptional profiles of genes
expressed by wild-type Francisella and an mgl4 mutant (6)
during growth in rich media at 37°C, conditions that induce
MglA expression but do not impair the growth of the mgl4
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FIG. 2. Transcriptional profiles of wild-type and mgl4 mutant
Francisella strains in rich media. (A) Hierarchical gene cluster of
microarrays from two independent wild-type and mgl4 mutant growth
curves. Columns represent individual time points, increasing from left
to right during the growth curve. Rows represent individual genes.
Genes were clustered into groups that were expressed in lag/exponen-
tial phase or stationary phase or that were constitutively expressed.
One distinct cluster was expressed in wild-type bacteria but not in the
mglA mutant. (B) Expression patterns of the mgl4B operon and the
known MglA-regulated genes pdpD, iglA, iglC, igID, and pdpA. Dupli-
cate gene spots that passed the filtering criteria are included.
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point mutant (Fig. 1). RNA was collected from the two strains
at 10 (experiment 1) or 7 (experiment 2) time points during the
growth curves to represent lag, exponential, and stationary
phases (Fig. 1). RNA was used to generate cDNA probes that
were hybridized to a Francisella microarray (see Materials and
Methods for a description of the microarray). In a hierarchical
cluster, the majority of the genes separated into distinct gene
expression patterns representing those expressed during lag
and exponential phases, stationary phase, and constitutive ex-
pression (Fig. 2A). One cluster, however, contained genes that
were differentially regulated in the mgl4 mutant compared to
the wild-type. This cluster contained all of the genes (pdpD,
iglA, iglC, igID, and pdpA) known to be transcriptionally regu-
lated by MglA (29) (Fig. 2B), thereby validating our results.
The cluster also contained ~100 genes not previously known to
be regulated by MglA, suggesting that MglA regulates the
expression of roughly 100 genes.

To identify genes whose expression was significantly differ-
ent in the mgl4 mutant compared to the wild-type, we per-
formed two-class statistical analysis of the data from experi-
ments 1 and 2 using SAM (46). Genes whose expression varied
by =2-fold between the wild type and mutant with a false
discovery rate of <1 are included in Table 1. Ten genes were
expressed at higher levels in the mgl4 mutant than in the wild
type, suggesting negative regulation of these genes by an
MglA-dependent mechanism. However, the majority of the
genes (92 genes) were downregulated in the mgl4d mutant
compared to the wild type, suggesting positive regulation of
these genes by an MglA-dependent mechanism (Fig. 3). These
genes include the previously identified MglA-regulated genes
in the FPL: pdpD, pdpA, iglA, iglC, and igID (29). Gene
FTT1091, which encodes a protein with homology to an ami-
dase from Nostoc punctiforme, has previously been shown by
proteomic analysis to be regulated by MglA (29). This gene
was also transcriptionally regulated in an MglA-dependent
manner in our experiments, further validating our results. We
also identified many genes that lie within the FPI that were not
previously known to be MglA regulated. Indeed, pdpB, pdpC,
and all of the genes located between these open reading
frames, CDS1 through CDSY, are also positively regulated by
MglA (Table 1), showing that the entire FPI is under the
control of MglA.

We chose five MglA-regulated genes to verify our microar-
ray results by real-time RT-PCR. We included mglA4 as a con-
trol because the microarray results suggested that the gene was
not differentially regulated between the wild-type and mutant
bacteria. Using gene-specific primers, we quantified the tran-
script abundance in RNA from either the wild type or the mgl4
mutant at three time points representing the lag, exponential,
and stationary phases of the growth curve (Fig. 4). The values
were normalized to FTT0121, a DNA helicase whose expres-
sion changed minimally during the growth curve, as indicated
by microarray analysis. Similar to our microarray data, tran-
scripts of the putative MglA-regulated genes were significantly
higher in RNA collected from the wild-type strain than in
RNA collected from the mglA mutant, while the mglA4 tran-
script displayed similar quantities and kinetics between the two
strains. These data show that the microarray results strongly
correlate with qRT-PCR data and that the five genes tested are
indeed regulated by MglA.
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FIG. 3. Clustering of the 102 MglA-regulated genes as determined
by SAM. Seventeen spots representing 10 genes were expressed at
higher levels in the mutant than in the wild type, and 183 spots rep-
resenting 92 genes were downregulated in the mutant compared to the
wild-type. Columns represent individual time points, increasing from
left to right during the growth curve, and rows represent individual
genes.

A diverse repertoire of genes are regulated by MglA. MglA-
regulated genes can be separated into several different cate-
gories. First, 43 of the MglA-regulated genes are either hypo-
thetical or conserved hypothetical genes according to the
published Francisella tularensis genome sequence (35). This
means that the largest category of MglA-regulated genes en-
codes proteins with unknown functions, suggesting that these
proteins may have novel functions utilized by Francisella under
MglA-activating conditions, such as intracellular growth.
Twenty-four genes have been annotated as pseudogenes, rep-
resenting another large class of MglA-regulated genes. The
microarray was constructed using sequence data from F. tula-
rensis subspecies tularensis strain SchuS4 and Francisella tula-
rensis subspecies holarctica strain LVS but probed with cDNA
from F. novicida. Since the F. novicida genome sequence has
not been released yet, we do not know whether genes within
this category are also pseudogenes in F. novicida. Additionally,
it is possible that MglA regulates some F. novicida-specific
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FIG. 4. Quantification of selected MglA-regulated genes by real-time reverse transcription-PCR. Differences in transcript abundance of MglA-
regulated genes were confirmed by real-time RT-PCR using RNA from the second growth curve. Gene-specific primers for (A) pdpB, (B) FTT0989,
(C) FTT0612, (D) oppB, (E) FTT1209c, and (F) mglA were used to amplify either wild-type (wt) RNA, represented by a solid line, or mgl4 mutant RNA,
represented by a dashed line. Testing of samples was performed in triplicate. Experiments were performed at least three times. Means and standard
deviations from a representative experiment are shown. *, P < 0.05; **, P < 0.01; ##%, P < 0.001 (compared with the wild type).

genes that are not represented on our microarray and that are
therefore not present in our data set.

The F. tularensis SchuS4 genome sequence has recently
been added to the Kyoto Encyclopedia of Genes and Genomes
(KEGG) (http://www.genome.ad.jp/dbget-bin/www_bfind?F
.tularensis). KEGG is a bioinformatics database that uses infor-
mation about protein interaction networks in well-studied organ-
isms to predict the cellular pathway(s) and function of proteins in
other organisms (7, 22). The majority of the MglA-regulated

genes were not assigned to a pathway (76 genes), which is con-
sistent with the large number of hypothetical genes and pseudo-
genes. However, 26 genes were grouped into the categories of
metabolism (20 genes), environmental information processing (3
genes), or genetic information and processing (3 genes). Within
the category of metabolism, amino acid (10 genes) and carbohy-
drate (8 genes) metabolism genes appeared to be widely repre-
sented. For example, ivIE is involved in the biosynthesis and
degradation of leucine, isoleucine, and valine, and galM is in-
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TABLE 3. Genes chosen for further studies

Locus tag Gene Product Homolog according to phi-psi BLAST E value
FTT1345 pdpB Hypothetical protein None
FTT1353 Hypothetical protein None
FTT0612 Hypothetical protein OspD3, Shigella dysenteriae 3.E-35
FTT0989 Hypothetical protein COG1305, transglutaminase-like enzymes, 9.E-22
putative cysteine proteases,
Pseudomonas aeruginosa
FTTO0123 oppB Oligopeptide transporter, subunit B, ABC oppB, Pasteurella multocida 4.E-70
transporter, membrane protein,
pseudogene
FTT1209¢c Metallopeptidase family M13 protein, Endothelin-converting enzyme 1, 1.E-165
pseudogene Shewanella putrefaciens
FTT1032 Conserved hypothetical membrane Hypothetical protein TDE2706, 4.E-34
protein, pseudogene Treponema denticola
FTT1771 Hypothetical protein None

volved in glycolysis. The variety of categories identified by our
analysis suggests that MglA regulates several different cellular
processes during the growth conditions described here.
Construction of mutants in MglA-regulated genes. We se-
lected eight MglA-regulated genes for mutagenesis and further
study. Two genes within the FPI, pdpB and cds2, were chosen
because this region has already been shown to contain viru-
lence factors (35). We chose four genes outside the FPI based
upon homology to known virulence factors as well as whether
they encode either possible secretion signals or conserved cat-
alytic domains (Table 3). These mutated MglA-regulated
genes include FTT0612, which encodes a protein similar to
OspD3 (SenA), a putative enterotoxin from Shigella flexneri
(36); FTT0989, which encodes a protein with similarity to
transglutaminase-like enzymes; FTT0123 (oppB), which en-
codes a protein similar to oligopeptide permease subunit B
(OppB) from Pasteurella multocida; and FTT1209c, which en-
codes a protein with similarity to endothelin-converting en-
zyme (ece-1) from Shewanella putrefaciens. Lastly, two mutants
were made using the hypothetical genes FTT1032 and
FTT1771. Isogenic mutants were created for each gene by
allelic exchange and replacement of the majority of the open
reading frame with a kanamycin resistance cassette. All the
mutants and complemented mutants grew similarly to the wild-
type strain at 37°C in rich media (data not shown).
MglA-regulated genes contribute to replication in macro-
phages. Each of the mutants was tested for the ability to enter
and replicate in unactivated bone-marrow-derived macro-
phages. None of the mutants were defective for macrophage
entry, as indicated by levels of intracellular mutant bacteria
that were similar to those of wild-type bacteria at 2 h postin-
fection (Fig. 5A). By 10 h, the macrophages infected with
wild-type Francisella contained approximately 10-fold-higher
numbers of intracellular bacteria compared to the levels of
bacteria at 2 h. Similar to the mgl4 and pdpA mutants, which
are known to have a growth defect in macrophages, the pdpB
and cds2 mutants had similar levels of intracellular bacteria at
2 h and 10 h postinfection (Fig. SE), indicating that there was
no death, no replication, or a balance between the two. A
mutant in FTT0989, which is located outside of the pathoge-
nicity island, also contained similar levels of intracellular bac-
teria at 2 h and 10 h postinfection (Fig. SF). The FTT0612,
FTT1032, and FTT1771 mutants replicated to the same extent

as the wild type, showing that these genes are not required for
growth in macrophages (Fig. 5F and data not shown). Surpris-
ingly, two mutants, oppB and FTT1209¢, replicated to higher
levels than the wild type by 10 h postinfection (Fig. 5F). We
repeated the replication assay in the presence of gentamicin and
obtained similar results, suggesting that the increased replication
was not due to mutant growth in the extracellular medium (data
not shown). Taken together, these results show that genes regu-
lated by an MglA-dependent mechanism are involved in facilitat-
ing, as well as limiting, intracellular replication.

MglA-regulated genes are involved in macrophage cytotox-
icity. We showed previously that mutants known to have
growth defects in macrophages were also defective in inducing
cytotoxicity of activated macrophages (33). Therefore, we as-
sessed the ability of each of our mutants to kill activated
macrophages, as measured by an LDH release assay. As pre-
viously shown, the mgl4 and pdpA mutants did not kill mac-
rophages, while 73% of wild-type Francisella-infected macro-
phages died by 8 h postinfection (33) (Fig. 6A). The pdpB and
cds2 mutants, which were unable to replicate intracellularly,
were severely defective in their ability to kill activated macro-
phages. We were unable to obtain an intact pdpB allele for
complementation of the pdpB mutant. However, the cds2 mu-
tant was complemented in cis by recombining a wild-type cds2
gene into the chromosome. Using this strategy, we achieved
full complementation (Fig. 6C) where cds2 was under the con-
trol of its native promoter and in a single copy.

The FTT0989 (transglutaminase homolog) mutant also in-
duced a significantly lower level of cell death than the wild-type
strain (Fig. 6B). We found that the FTT0989 mutant was par-
tially complemented by the addition of a plasmid expressing
FTT0989 in trans under the control of its native promoter (Fig.
6D). The partial frans complementation could be due to the
overexpression of the FTT0989 gene product. Unfortunately,
we were unable to obtain the cis complementation construct to
address the issue of copy number. The FTT0612 (ospD3 ho-
molog), FTT1032, and FTT1771 mutants, which replicated
similarly to the wild-type bacteria in macrophages, induced
levels of cytotoxicity that were similar to that of the wild-type
strain (Fig. 6B and data not shown).

The two mutants that had a higher rate of replication in
macrophages than wild-type Francisella, oppB and FTT1209¢
(ece-1 homolog), induced significantly higher levels of cell
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FIG. 5. MglA-regulated genes contribute to Francisella replication in macrophages. Bone-marrow-derived macrophages were infected at an
MOTI of 25:1. Samples were taken at 2 h, 6 h, and 10 h postinfection. (A) Percent bacterial entry into macrophages was calculated by dividing the
2-h counts by the input. Macrophages were infected with (B) pdpB and cds2 mutants, (C) FTT0612 and FTT0989 mutants, and (D) oppB and
FTT1209c mutants. Bacterial replication (n-fold) was calculated by dividing the 10-h bacterial counts by the averages of the 2-h bacterial counts
for (E) pdpB and cds2 mutants and (F) FTT0612, FTT0989, oppB, and FTT1209¢c mutants. The wild type, the mgl4 mutant, and pdpA mutants were
included as controls. Samples were performed in triplicate. Experiments were performed at least three times. Means and standard deviations from
a representative experiment are shown. *, P < 0.05; #*, P < 0.01; #*%, P < 0.001 (compared with the wild type).

death than the wild-type at 8 h (Fig. 6B). The oppB and
FTT1209¢ mutants were complemented in cis, and both con-
structs were under the control of their native promoters and in
single copy to avoid possible problems of overexpression.
These complemented mutants displayed lower levels of mac-
rophage cytotoxicity that were similar to the levels induced by
wild-type bacteria (Fig. 6E and F). These data show that we
have identified both attenuated and hypervirulent mutants
and, together with the replication data, highlight the striking
correlation between the ability of bacteria to replicate in un-
activated macrophages and the induction of cytotoxicity in
activated macrophages.

MglA-regulated genes contribute to Francisella virulence in
mice. We identified mutations in MglA-regulated genes that
were either avirulent or hypervirulent in in vitro assays and

sought to further investigate the fitness of these mutants in
Francisella infection in vivo. We performed competitive index
experiments where the relative fitness of an individual Fran-
cisella mutant could be compared to that of the wild-type strain
within a single mouse. The CI is expressed as the ratio of the
number of mutant bacteria recovered from the tissue divided
by that of the wild type and is normalized to the ratio of the
mutant to the wild type from the input. Therefore, a compet-
itive index value that is less than 1 indicates that the mutant is
less fit than the wild-type strain in vivo. Mice were infected
subcutaneously with an equal mixture of wild-type and mutant
bacteria, and spleens were harvested at 2 days postinfection to
determine the levels of bacterial colonization of each strain.
Consistent with our in vitro results, we found that the pdpB and
cds2 mutants showed dramatic decreases in fitness (CI of <1 X
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FIG. 6. MglA-regulated genes are involved in macrophage cytotoxicity. Macrophages were prestimulated with heat-killed, wild-type Francisella cells
~18 h prior to infection. Cytotoxicity was measured by LDH release at 8 h postinfection. The mgl4 and pdpA mutants were included as controls.
Macrophages were infected at an MOI of 100:1 with (A) pdpB and cds2 mutants and (B) FTT0612, FTT0989, oppB, and FTT1209c mutants. Mutants
were complemented, and cytotoxicity was measured at (C) 8 h postinfection with an MOI of 100:1; (D) 10 h postinfection with an MOI of 20:1; (E) 8 h
postinfection with an MOI of 100:1; and (F) 10 h postinfection with an MOI of 10:1. Testing of samples was performed in triplicate in each experiment.
Experiments were performed at least three times. Means and standard deviations from a representative experiment are shown. *, P < 0.05; **, P < 0.01;
x%%, P < 0.001 (compared with wild-type for A and B or mutant compared to the complemented mutant by the bar in C to F). wt, wild type.

107¢ [lower limit of detection]) (Fig. 7). In fact, the mgld
mutant and all the FPI mutants tested here had similar CI
values (Fig. 7). The FTT0989 (transglutaminase homolog) mu-
tant, which showed a defect in intramacrophage replication
and cytotoxicity, also showed a decrease in fitness in vivo (CI of
0.051). The FTTO0612 (ospD3 homolog), FTT1032, and
FTT1771 mutants, which behaved similarly to the wild-type
strain in the macrophage assays, were not attenuated in vivo
(CI of 0.997) (data not shown). The oppB and FTT1209c (ece-1
homolog) mutants, which replicated better than the wild-type
strain in macrophages and induced higher levels of host cell
death, were less fit in vivo than the wild type, with CI values of
0.19 and 0.0003, respectively. These results suggest that higher

rates of replication seen in vitro are not necessarily beneficial
in vivo. Taken together, these data highlight the role of MglA-
regulated genes in Francisella pathogenesis in vivo.

DISCUSSION

We performed a transcriptional comparison of genes ex-
pressed in wild-type Francisella and those expressed by an
isogenic mglA mutant during growth in rich media (Fig. 1 to 3).
Intriguingly, the entire FPI was regulated by MglA. We tar-
geted several MglA-regulated genes and created eight mutant
strains, including two uncharacterized genes in the FPI. By
testing mutant strains for several of the MglA-regulated genes

1002 ‘/ 12090100 uo Aq Bio°wse rel woly papeojumoq


http://iai.asm.org

VoL. 74, 2006

A
o 10" =
— 100 *kk **% *k*k *k%
bl
O 10"
e 102«
o 103+
=2 10“=
L d
'ﬁ 105 . ¢ . e
8 100 —F— ~ >
107 = *®
-8-
0 10 | | | | | ]
mglA pdpA pdpB cds2
B
= 1
QO 10'm .
;’ 0 . *xk *kk *k
oy 10 - -
T U - -
c 10 1 geae see
2 1024 . .
£ 10°a .
[+)] —,—
£ 10+
[o g .*
0 10 | ] | | |
FTT0612 FTT0989 oppB FTT1209¢

FIG. 7. MglA-regulated genes contribute to Francisella virulence in
mice. Mice were infected subcutaneously with equal amounts of mu-
tant and wild-type Francisella cells. At 2 days postinfection, spleens
were taken for counts, and the competitive index was calculated.
(A) Competitive indices of pdpB and cds2 FPI mutants. A spontaneous
streptomycin-resistant mgl4 mutant (see Materials and Methods for a
description) and the pdpA mutants were included as controls.
(B) Competitive indices of FTT0612, FTT0989, oppB, and FTT1209¢
mutants. At least five mice were used to calculate the CI value for each
mutant strain. Each spot represents the CI value from an individual
mouse, and bars represent the geometric means. Significance was cal-
culated by comparing the log of the CI value to 0. *, P < 0.05; *%, P <
0.01; %%, P < 0.001 (compared with 0).

in virulence assays both in vitro and in vivo, we identified novel
Francisella virulence factors (Fig. 4 to 6).

We mutated pdpB and cds2, two FPI genes that have not yet
been characterized. Similar to the pdpA, pdpD, and igiC FPI
mutants, the pdpB and cds2 mutants were avirulent, as deter-
mined by bacterial replication, macrophage cytotoxicity, and
virulence in mice (Fig. 5, 6, and 7) (17, 28, 29, 33, 35). It is
unclear how the FPI contributes to Francisella replication and
virulence; however, all the FPI mutants tested here exhibited
similar phenotypes in every assay. This is strongly suggestive of
a system comprised of multiple components whereby mutating
one component results in the inactivation of the entire system.
Interestingly, PdpB has limited similarity to a domain in IcmF,
a protein that may be involved in type IV secretion in Legio-
nella pneumophila (42, 47). The FPI proteins IglA and IgIB
share homology with Edwardsiella tarda EvpA (22% identity)
and EvpB (29% identity), respectively, which are involved in
the secretion of virulence proteins (39). The fact that muta-
tions in several FPI genes have similarly dramatic phenotypes,
together with the homology of some of the FPI genes to se-
cretion system genes in other bacteria, suggests that the FPI
may encode a secretion system that is essential for Francisella
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intracellular replication, macrophage cytotoxicity, and viru-
lence in vivo.

In addition to the FPI genes, we identified several novel
genes that appear to be important for intracellular replication,
macrophage cytotoxicity, and virulence in mice. For example,
similar to FPI mutants, an FTT0989 mutant is attenuated for
replication inside macrophages, does not induce macrophage
death, and is outcompeted by wild-type bacteria in mice. The
protein encoded by FTT0989 has a transglutaminase domain
containing the catalytic triad characteristic of this domain,
suggesting that the protein may have transglutaminase activity.
The protein also contains a putative secretion signal and may
therefore be secreted by Francisella, making it available to
interact with host cells and thereby contribute to virulence.
Indeed, FTT0989 plays an important role in Francisella patho-
genesis, since it was attenuated for growth in macrophages and
in mice (Fig. 5 and 7). Cytotoxic necrotizing factor type 1 from
Escherichia coli and dermonecrotic toxin from Bordetella per-
tussis are two characterized transglutaminases that activate Rho
GTPases of the host cells and are involved in virulence (25).

We identified two additional mutants, FTT1209c and oppB
(FTTO0123), that had similar phenotypes to one another in
macrophages. Both of these mutants replicated to higher levels
in macrophages than wild-type Francisella and induced higher
levels of cytotoxicity in activated macrophages (Fig. 5 and 6).
However, these mutants were attenuated in vivo (Fig. 7).
FTT1209¢c encodes a predicted M13 metallopeptidase with
striking similarity to mammalian endothelin-converting en-
zyme (ECE-1). FTT1209c has several homologs, including
PepO from Porphyromonas gingivalis, which plays a role in host
cell invasion (1, 4). FTT1209¢ has been annotated as a pseu-
dogene in the sequenced F. tularensis strain SchuS4 (35). This
gene does not appear to be a pseudogene in F. novicida strain
U112, the strain chosen for our experiments (unpublished
data). Both of the genes from the two species contain full-
length N-terminal and C-terminal M13 peptidase domains
as well as the HEXXH metal binding motif, suggesting that
both gene products may act as metallopeptidases. However,
FTT1209c in U112 has a predicted signal peptide that is absent
in SchuS4. It is unknown if the signal sequence is necessary for
the phenotypes described here.

FTTO0123 (oppB) encodes a protein similar to OppB from
Pasteurella multocida. The Opp complex has been identified as
a virulence factor for several pathogens, including L. monocy-
togenes, group A Streptococcus, Bacillus cereus, and Bacillus
thuringiensis (8, 18, 38, 48). The opp operon (oppABCDF)
encodes an ATP-dependent transport system involved in the
uptake of small peptides, which can serve as carbon and nitro-
gen sources and may have signaling properties (30). For group
A Streptococcus and B. cereus, mutations in the opp operon
result in an inability to express virulence factors, suggesting a
regulatory role for Opp in these two species. oppB has also
been annotated as a pseudogene in SchuS4 due to the presence
of a nonsense mutation that results in a truncated protein. This
mutation is not present in oppB from U112, where it appears to
encode a full-length protein (unpublished data). Perhaps
SchuS4 has evolved other ways to make it competitive in na-
ture despite the alteration of this locus. Future experiments
will be designed to investigate this possibility. Taken together,
the phenotypes of the FTT1209¢c and OppB mutants suggest
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that limiting intracellular growth is a critical aspect of Fran-
cisella pathogenesis.

To our knowledge, this is the first description of Francisella
mutants that replicate to higher levels than wild-type bacteria
within macrophages, and these data suggest that oppB and
FTT1209c may be negative regulators of Francisella growth.
This suggests that Francisella encodes factors that limit its
growth in macrophages and that controlling its growth rate is
important for pathogenesis. Controlling replication within a
macrophage may allow Francisella to grow intracellularly with-
out triggering macrophage cell death and exposing the bacteria
to complement, antibodies, etc. In addition, Francisella may
use the macrophage for dissemination from the skin to the
draining lymph nodes, and uncontrolled replication of Fran-
cisella could result in rapid macrophage death and elimination
of the ability to disseminate efficiently.

Not all MglA-regulated genes are expected to play a role in
virulence. In keeping with this assumption, we have presented
data for FTT0612 (OspD3 homolog), FTT1032, and FTT1771
mutants that behaved similar to the wild type in the macro-
phage assays and did not contribute to virulence in a mouse
model of infection. This suggests that these genes are dispens-
able for virulence in Francisella.

While the present work describes many new MglA-regulated
genes, the mechanism of MglA regulation remains unknown.
However, it is interesting that while MglA-regulated genes are
maximally expressed during the stationary phase, the mgl4
transcript is maximally expressed in the lag and early exponen-
tial phases (our work and see reference 5). MglA is closely
related to E. coli SspA, a stringent starvation protein. The
SspA regulon overlaps that of another transcription factor
(20), and SspA works with an additional cofactor to tran-
scribe phase P1 late genes (19). It is possible that the MglA
regulon presented here represents the combined action of
MglA and an additional cofactor and/or multiple layers of
regulation. Additional studies will be required to investigate
this possibility.

We have identified five novel MglA-regulated virulence
genes that either facilitate or limit replication within macro-
phages and play a role in virulence in vivo. This suggests that
in addition to the bacterium’s ability to grow intracellularly, the
bacterium’s ability to keep its own intracellular replication in
check is also essential to Francisella pathogenesis. The growing
number of MglA-regulated virulence factors underscores the
idea that MglA is an important regulator of virulence factors.
Nonetheless, the majority of MglA-regulated genes remain
uncharacterized. Twenty out of 102 MglA-regulated genes are
predicted to play a role in metabolism, particularly in amino
acid metabolism (Table 1). Work with Listeria monocytogenes
has shown that amino acid metabolism genes are essential for
intracellular growth (21). This is particularly relevant, since L.
monocytogenes escapes the vacuole and replicates in the cy-
tosol of infected cells, similar to Francisella. However, the most
interesting class of MglA-regulated genes may be the 43 hypo-
thetical genes with no known or characterized homologs. Char-
acterization of these genes may lead to the elucidation of new
processes in bacterial pathogenesis that are shared with other
pathogens as well as some that may be unique to Francisella.
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