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Salmonella enterica serovar Typhimurium must successfully transition the broad fluctuations in oxygen
concentrations encountered in the host. In Escherichia coli, FNR is one of the main regulatory proteins involved
in O, sensing. To assess the role of FNR in serovar Typhimurium, we constructed an isogenic frrr mutant in
the virulent wild-type strain (ATCC 14028s) and compared their transcriptional profiles and pathogenicities
in mice. Here, we report that, under anaerobic conditions, 311 genes (6.80% of the genome) are regulated
directly or indirectly by FNR; of these, 87 genes (28%) are poorly characterized. Regulation by FNR in serovar
Typhimurium is similar to, but distinct from, that in E. coli. Thus, genes/operons involved in aerobic metab-
olism, NO- detoxification, flagellar biosynthesis, motility, chemotaxis, and anaerobic carbon utilization are
regulated by FNR in a fashion similar to that in E. coli. However, genes/operons existing in E. coli but regulated
by FNR only in serovar Typhimurium include those coding for ethanolamine utilization, a universal stress
protein, a ferritin-like protein, and a phosphotransacetylase. Interestingly, Salmonella-specific genes/operons
regulated by FNR include numerous virulence genes within Salmonella pathogenicity island 1 (SPI-1), newly
identified flagellar genes (mcpAC, cheV), and the virulence operon (srfABC). Furthermore, the role of FNR as
a positive regulator of motility, flagellar biosynthesis, and pathogenesis was confirmed by showing that the
mutant is nonmotile, lacks flagella, is attenuated in mice, and does not survive inside macrophages. The
inability of the mutant to survive inside macrophages is likely due to its sensitivity to the reactive oxygen

species generated by NADPH phagocyte oxidase.

Salmonella enterica serovar Typhimurium is a gram-negative
facultative intracellular pathogen. Serovar Typhimurium infec-
tions usually result from ingestion of contaminated food or
water. The organism generally targets and colonizes the intes-
tinal epithelium of the host and causes gastroenteritis (i.e.,
salmonellosis) (22). During a Salmonella infection, the growth
phase and growth conditions of the organism are important in
attachment, invasion, and the regulation of many of the viru-
lence genes (19, 40, 53, 73). Cells grown under limited oxygen
concentrations are more invasive and adhere better to mam-
malian cells than do aerobically grown or stationary-phase cells
(53). Salmonella invasion genes have been identified and lo-
calized (24, 46, 54, 63). During infection, serovar Typhimurium
must adapt to changes in [O,] encountered in the gastrointes-
tinal tracts of the host (33). Therefore, we hypothesized that
the molecular mechanism(s) that controls adaptation to chang-
ing [O,] must play an important role in the virulence of serovar
Typhimurium.

In Escherichia coli, transitions from aerobic to anaerobic
environments, or vice versa, involve changes in a large number
of genes (25, 29). However, upon sudden reappearance of
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oxygen, these cellular processes must be reversed in a precise
and orderly fashion to ensure the safe transition to the oxy-
genated environment. This complex regulatory system has
been extensively studied in E. coli, where the DNA-binding
protein FNR (6, 27, 44), encoded by fnr, senses changes in [O,]
and controls the expression of the different genes either alone
or in cooperation with other regulators, e.g., ArcA (11, 15, 30,
32,42, 74). Recently, three independent studies have examined
the global changes in gene expression in E. coli strain MC4100
(70) and strain MG1655 (14, 43) in response to mutations in
fnr. In spite of the relatedness of the two E. coli strains, the two
studies examining FNR in the MG1655 strain were in closer
agreement to each other than to that in the MC4100 strain.
These variations were attributed to differences in the genetic
backgrounds of the strains and the techniques used (14, 43).
In serovar Typhimurium, an fnr homolog, oxrA4, was cloned
and some of the genes regulated by OxrA were identified (76,
87). Previous studies examined the role of FNR (OxrA) in the
invasiveness of serovar Typhimurium LT2 and concluded that
it was not involved in the regulation of invasion (53). However,
the LT2 strain used in that study (53) was later found to be
avirulent due to an altered 7poS allele (77, 89). The present
study is the first addressing the global regulatory role of FNR
in serovar Typhimurium metabolism and virulence in a murine
model of mucosal and acute infection. We used the well-char-
acterized virulent strain of serovar Typhimurium (ATCC
14028s) growing anaerobically under conditions reported to
avoid the effects of pH and catabolite repression on transcrip-
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FIG. 1. Location of the tnpA insertion (between bp 106 and 107) in the fur gene. WT fur sequences are in bold, and the sequences of the
beginning and ending junctions of the mpA insert are in italics. Arrows indicate the direction of transcription. IGS, intergenic spacer region.
(Complete DNA sequences [i.e., ogt, tnpA/fnr junctions, and ydaA] are available at GenBank accession number AH015911.)

tion (57). The results indicate that in serovar Typhimurium, as
in E. coli, the FNR modulon encompasses the core metabolic
and energy functions as well as motility. However, Salmonella-
specific components of the FNR modulon were also identified,
such as the eut operon (required for ethanolamine utilization)
and many of the virulence genes in Salmonella pathogenicity
island 1 (SPI-1), as well as the srfABC operon. The fnr mutant
was shown to be nonmotile, lacking flagella, and attenuated
in vivo.

MATERIALS AND METHODS

Bacterial strains. Wild-type (WT) serovar Typhimurium (ATCC 14028s) and
its isogenic fnr mutant (NC 983) were used throughout. The mutant strain was
constructed by transducing the fnr::Tnl/0 mutation from serovar Typhimurium
[SL2986/TN 2958 (fur::Tnl0)] to strain 14028s using P22 phage (all from the
culture collection of S. Libby). The transductants were plated on Evans blue-
uranine agar, and the tetracycline marker was eliminated (8). The Tet® and
FNR™ phenotypes were confirmed by the inability of NC983 (fnr mutant) to
grow on media containing tetracycline (10 wg/ml) and by its inability to grow
anaerobically on M9 minimal medium containing glycerol plus nitrate, respec-
tively. Sequence analysis of fir and neighboring genes (i.e., ogt and ydaA, respec-
tively) in NC 893 showed that the remnant of TnI0 (tnpA) interrupts fnr between
bp 106 and 107 and has no polar effect on ogt or ydaA (Fig. 1).

For complementation studies, a low-copy-number plasmid expressing fir
(pfnr) was constructed. The complete fir sequence starting from the stop codon
of ogtA (TGA [indicated in boldface type]) to 21 bp downstream of fur (i.e., a 972
bp fragment) was amplified from WT strain 14028s with the following primers:
for-Forward, 5'-ATATCCATGGTGAATATACAGGAAAAAGTGC-3' (an Ncol
site is underlined); finr-Reverse, 5'-ATATATTCAGCTGCATCAATGGTTTA
GCTGACG-3' (a Pvull site is underlined). The PCR product was digested with
Ncol and Pvull and ligated into the low-copy-number vector pACYC184 cut with
Ncol and Pvull. Thus, in the new plasmid (pfnr) the Cm" gene in pACYC184 is
replaced with the frr gene. The plasmid (pfnr) was electroporated and main-
tained in E. coli DH5«. Transformants were confirmed for Tet" (15 pg/ml) and
Cm® (20 wg/ml) on Luria-Bertani (LB) plates, and the presence of the fir gene
was confirmed by restriction analysis using EcoRI and HindIII. The plasmid
isolated from DH5«a was used to complement the frnr mutant. Transformants
were selected on LB plates containing tetracycline (15 wg/ml).

Growth conditions. The WT and the fnr mutant were grown anaerobically at
37°C in MOPS (morpholinepropanesulfonic acid)-buffered (100 mM, pH 7.4) LB
broth supplemented with 20 mM p-xylose (LB-MOPS-X). This medium was used
in order to avoid the indirect effects of pH and catabolite repression (57). A Coy
anaerobic chamber (Coy, Ann Arbor, MI) and anaerobic gas mixture (10% H,,
5% CO,, and 85% N,) were used. All solutions were preequilibrated for 48 h in
the chamber. Cells from frozen stocks were used to inoculate LB-MOPS-X
broth. Cultures were grown for 16 h and used to inoculate fresh anoxic media.
The anaerobic growth kinetics of the mutant and the WT strains were similar,
and the doubling times of the fnr mutant and the WT were 53.9 = 1.2 and 45.4 +
2.9 min, respectively.

RNA isolation. Anaerobic cultures were used to inoculate three independent
flasks each containing 150 ml of anoxic LB-MOPS-X. The three independent

cultures were grown to an optical density at 600 nm (ODyg,) of 0.25 to 0.35,
pooled, and treated with RNAlater (QIAGEN, Valencia, CA) to fix the cells and
preserve the quality of the RNA. Total RNA was extracted with the RNeasy
RNA extraction kit (QIAGEN), and the samples were treated with RNase-free
DNase (Invitrogen, Carlsbad, CA). The absence of contaminating DNA and the
quality of the RNA was confirmed by PCR amplification of known genes and by
using agarose gel electrophoresis. Aliquots of the RNA samples were kept at
—80°C for use in the microarray and quantitative real-time reverse transcription-
PCR (qRT-PCR) studies.

Microarray studies. Serovar Typhimurium microarray slides were prepared
and used as previously described (66). The SuperScript Indirect cDNA labeling
system (Invitrogen) was used to synthesize the cDNA for the hybridizations.
Each experiment consisted of two hybridizations, on two slides, and was carried
out in Corning Hybridization Chambers at 42°C overnight. Dye swapping was
performed to avoid dye-associated effects on cDNA synthesis. The slides were
washed at increasing stringencies (2X SSC[1X SSC s 0.15 M NaCl plus 0.015 M
sodium citrate], 0.1% sodium dodecyl sulfate [SDS], 42°C; 0.1% SSC, 0.1% SDS,
room temperature; 0.1% SSC, room temperature). Following hybridization,
the microarrays were scanned for the Cy3 and Cy5 fluorescent signals with a
ScanArray 4000 microarray scanner from GSI Lumonics (Watertown, MA). The
intensity of every spot was codified as the sum of the intensities of all the pixels
within a circle positioned over the spot itself and the background as the sum of
the intensities of an identical number of pixels in the immediate surroundings of
the circled spot.

Data analysis. Cy3 and Cy5 values for each spot were normalized over the
total intensity for each dye to account for differences in total intensity between
the two scanned images. The consistency of the data obtained from the microar-
ray analysis was evaluated by two methods: (i) a pair-wise comparison, calculated
with a two-tailed Student’s ¢ test and analyzed by the MEAN and TTEST
procedures of SAS-STAT statistical software (SAS Institute, Cary, NC) (the
effective degrees of freedom for the # test were calculated as described previously
[71]); and (ii) a regularized ¢ test followed by a posterior probability of differ-
ential expression [PPDE (p)] method. These statistical analyses are implemented
in the Cyber-T software package available online at the website of the Institute
for Genomics and Bioinformatics of the University of California, Irvine (www
.igb.uci.edu). The signal intensity at each spot from the FNR mutant and the WT
were background subtracted, normalized, and used to calculate the ratio of gene
expression between the two strains. All replicas were combined, and the median
expression ratios and standard deviations were calculated for open reading
frames (ORFs) showing =2.5-fold change.

qRT-PCR. qRT-PCR (34) was used to validate the microarray data (64), where
19 genes were randomly chosen from the differentially expressed genes. This
technique was also used to confirm the expression of a set of selected genes.
qRT-PCRs were carried out with the QuantiTect SYBR green RT-PCR kit
(QIAGEN) and an iCycler (Bio-Rad, Hercules, CA), and the data were analyzed
by the Bio-Rad Optical System software, version 3.1, according to manufacturer
specifications. To ensure accurate quantification of the mRNA levels, three
amplifications for each gene were made with 1:5:25 dilutions of the total RNA.
Measured mRNA levels were normalized to the mRNA levels of the housekeep-
ing gene rpoD (¢7°). Normalized values were used to calculate the ratios of the
expression levels in the fnr mutant relative to the WT.

Logo graph and promoter analysis. The information matrix for the generation
of the FNR logo was produced by using the alignment of the E. coli FNR binding
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FIG. 2. Logo graph of the information matrix obtained from the
consensus alignment of FNR motif sequences for serovar Typhi-
murium (derived from the corresponding FNR-regulated genes in E.
coli). The total height of each column of characters represents the
amount of information for that specific position, and the height of each
character represents the frequency of each nucleotide.

sequences, available at http://arep.med.harvard.edu/ecoli_matrices/ (68). The
alignment of the FNR motifs from this website did not include the motifs present
in the sodA and mutM promoters (31, 55); therefore, they were included in our
analysis. To account for differences in nucleotide usage or slight variations in
consensus sequences, a second alignment was built for serovar Typhimurium
using the 5’ regions of the homologous genes originally used to build the E. coli
information matrix. The alignment was used to prepare a new information matrix
using the Patser software (version 3d), available at http://rsat.ub.ac.be/rsat/ (82).
A graphical representation (Fig. 2) of the matrices through a logo graph was
obtained with Weblogo software (version 2.8.1, 18 October 2004), available at
http://weblogo.berkeley.edu/ (17).

Motility assay and electron microscopy. The motilities of the WT, the fur
mutant, and the complemented mutant/pfnr were evaluated under anoxic con-
ditions. Ten microliters of anaerobically grown (16 h) cells were spotted onto
LB-MOPS-X agar (0.6% agar) plates and incubated at 37°C for 24 h. The
diameter of the growth halo was used as a measure of motility. Scanning electron
microscopy (SEM) was used to examine the morphology of the extracellular
surfaces. WT and finr cultures were grown anaerobically (ODgq, 0.3 to 0.4) and
centrifuged, and the pellets were resuspended in a fixative solution (3% glutar-
aldehyde in 0.1 M phosphate-buffered saline [PBS] [pH 7.4]) under anaerobic
conditions. The fixed samples were rinsed in 0.1 M PBS buffer, postfixed with 1%
osmium tetraoxide in 0.1 M PBS for 2 h, and rinsed with PBS, all at 4°C. An
aliquot of each sample was filtered through a 0.1-pm filter. Each filter was
dehydrated through a graded ethanol series (up to 100%), brought to room
temperature, critical point dried with liquid CO, (Tousimis Research, Rockville,
MD), placed on stubs, and sputter coated with Au/Pd (Anatech Ltd., Denver,
NC). Samples were viewed at 15 kV with a JEOL 5900LV SEM (JEOL USA,
Peabody, MA). Transmission electron microscopy (TEM) and negative staining
were used to visualize the flagella. WT and fnr cultures were grown anaerobically
(ODgqp, 0.3 to 0.4), and a 20-pl aliquot of each sample was separately placed on
a Formvar-carbon grid. The grids were washed with 0.1 M sodium acetate (pH
6.6), negatively stained with 2% phosphotungstic acid (PTA), and air dried for 5
min before being viewed at 80 kV with a JEOL JEM-100S TEM (JEOL USA,
Peabody, MA).

Pathogenicity assays. Immunocompetent 6- to 8-week-old C57BL/6 mice and
their congenic iNOS™~ and pg91”"**~/~ immunodeficient mice (bred in the
University of Colorado Health Science Center [UCHSC] animal facility accord-
ing to Institutional Animal Care and Use Committee guidelines) were used in
this study. Stationary-phase serovar Typhimurium (WT and frr mutant) cultures
grown aerobically in LB-MOPS-X broth were used, and the cells were diluted in
PBS. For oral (p.o.) challenge, groups of 10 mice were gavaged with 5 X 10° or
5 % 107 CFU in 200 pl of PBS/mouse. For intraperitoneal (i.p.) challenge, groups
of five mice were inoculated with 250 CFU in 500 wl of PBS/mouse. Mortality
was scored over a 15- to 30-day period.

Macrophage assay. Peritoneal macrophages were harvested from C57BL/6
mice and pg91”"**~/~ immunodeficient mice (bred in the UCHSC animal facil-
ity) 4 days after intraperitoneal inoculation with 1 mg/ml sodium periodate and
used as previously described (18). Macrophages were challenged (multiplicity of
infection of 2) for 25 min with the different test strains. Stationary-phase cultures
grown aerobically in LB-MOPS-X broth were used as outlined above. Prior to
infection, each strain was opsonized with 10% normal mouse serum for 20 min.
After the challenge, extracellular bacteria were removed from the monolayers by
washing with prewarmed RPMI medium (Cellgro, Herndon, VA) containing
gentamicin (6 mg/ml) (Sigma), the Salmonella-infected macrophages were lysed
at indicated time points, and the surviving bacteria were enumerated on LB agar
plates. The results are expressed as percent survival relative to the number of
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viable intracellular bacteria recovered at time zero (i.e., after washing and re-
moval of the extracellular bacteria, ~25 min after infection).

Microarray data. The microarray data are accessible via GEO accession num-
ber GSE3657 at http://www.ncbi.nlm.nih.gov/geo.

RESULTS

Transcriptome profiling. Out of 4,579 genes, the two-tailed
Student ¢ test produced a set of 1,664 coding sequences show-
ing significant differences (P < 0.05) between the fnr mutant
and the WT. We restricted our analyses to include highly
affected genes (i.e., having a ratio of =2.5-fold). Under this
constraint, 311 genes were differentially expressed in the fir
mutant relative to the WT; of these, 189 genes were up-regu-
lated and 122 genes were down-regulated by FNR (see Table
S1 in the supplemental material). The 311 FNR-regulated
genes were classified into clusters of orthologous groups
(COGs) as defined at http://www.ncbi.nlm.nih.gov/COG (78,
79, 88) (Table 1). It should be noted that throughout the study
we compared the levels of transcription in the fnr mutant to
that in the WT strain. Thus, genes repressed by FNR possess
values of >1, while genes activated by FNR have values of <1.

In order to globally validate the microarray data (64), we
randomly selected 19 of the 311 differentially expressed genes

TABLE 1. Classification of FNR-regulated genes according to COGs

No. of genes
Functional gene group” FNR FNR
activated repressed
Cellular processes 54 9
Cell division and chromosome partitioning 0 1
Cell envelope and biogenesis, outer membrane 4 3
Cell motility and secretion 30 0
Posttranslational modification, protein turnover, 8 2
chaperones

Inorganic ion transport and metabolism 7 2
Signal transduction mechanisms 5 1
Defense mechanisms 1 0

Information storage and processing 9 5
Translation, ribosomal structure, and biogenesis 0 2
Transcription 6 2
DNA replication, recombination, and repair 3 1

Intracell trafficking 3 0
Metabolism 62 81
Energy production and conversion 18 30
Amino acid transport and metabolism 21 21
Nucleotide transport and metabolism 7 2
Carbohydrate transport and metabolism 10 23
Coenzyme metabolism 1 3
Lipid metabolism 2 2
Secondary metabolite biosynthesis, transport, 3 0

and catabolism

Unknown 60 27
General function prediction only 12 5
Function unknown 10 9
Poorly characterized 38 13

Total 189 122

“The differentially expressed genes were classified according to COGs as
defined at http://www.ncbi.nlm.nih.gov/COG.
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TABLE 2. Validation of microarray data by qRT-PCR of randomly selected genes relative to the housekeeping gene rpoD*

. . . Fragment Serovar Typhimurium Ratio of fnr mutant/WT Log, ratio
Locus' Name Primer sequence b functiond
(bp) gene function qRT-PCR¢ Microarray’ qRT-PCR® Microarray”
STM3217 aer 5'-CGTACAACATCTTAATCGTAGC-3’ 163 Aerotaxis sensor receptor; 0.190 0.210 —24 -23
5'-TTCGTTCAGATCATTATTACCC-3’ senses cellular redox state
or proton motive force
STM1919 cheM 5'-GCCAATTTCAAAAATATGACG-3’ 114 Methyl-accepting chemotaxis 0.036 0.120 —48 -3.1
5'-GTCCAGAAACTGAATAAGTTCG-3’ protein II; aspartate sensor-
receptor
STMO0441 cyoC 5'-TATTTAGCTCCATTACCTACGG-3' 134 Cytochrome o ubiquinol 153.967 7.096 7.3 2.8
5'-GGAATTCATAGAGTTCCATCC-3’ oxidase subunit ITI
STM1803 dadA 5'-TAACCTTTCGCTTTAATACTCC-3' 155 D-Amino acid dehydrogenase 2.835 3.169 1.5 1.7
5'-GATATCAACAATGCCTTTAAGC-3' subunit
STM0964 dmsA 5'-AGCGTCTTATCAAAGAGTATGG-3' 154 Anaerobic dimethyl sulfoxide 0.001 0.005 -9.8 -7.6
5'-TCACCGTAGTGATTAAGATAACC-3’ reductase, subunit A
STM2892 inv] 5'-TTGCTATCGTCTAAAAATAGGC-3' 128 Surface presentation of 0.246 0.182 -2.0 -25
5'-TTGATATTATCGTCAGAGATTCC-3’ antigens; secretory proteins
STM2324  nuoF 5'-GGATATCGAGACACTTGAGC-3’ 163 NADH-dehydrogenase I, 2.894 2.600 1.5 1.4
5'-GATTAAATGGGTATTACTGAA chain F
CG-3'
STMO0650 STMO0650 5'-CAACAGCTTATTGATTTAGTGG-3' 130 Putative hydrolase, C 0.476 0.219 -11 -22
5'-CTAACGATTTTTCTTCAATGG-3’ terminus
STM2787 STM2787 5'-AAGCGAATACAGCTATGAACC-3’ 144 Tricarboxylic transport 28.241 6.892 4.8 2.8
5"-ATTAGCTTTTGCAGAACATGG-3'
STM4463 STM4463 5'-AAGGTATCAGCCAGTCTACG-3’ 142 Putative arginine repressor 0.325 0.181 -1.6 -25
5'-CGTATGGATAAGGATAAATTCG-3’
STM4535 STM4535 5'-TAAGCCAGCAGGTAGATACG-3’ 139 Putative PTS permease 6.053 8.217 2.6 3.0
5'-CGACATAAAGAGATCGATAACC-3'
STM2464  eutN 5'-AGGACAAATCGTATGTACCG-3' 153 Putative detox protein in 0.062 0.125 -4.0 -3.0
5'-ACCAGCAGTACCCACTCTCC-3' ethanolamine utilization
STM2454  eutR 5'-GGTAAAAGAGCAGCATAAAGC-3’ 118 Putative regulator; 0.043 0.195 —4.6 —24
5'-ATTATCACTCAAGACCTTACGC-3' ethanolamine operon
(AraC/XylS family)
STM2470 eutS 5'-AATAAAGAACGCATTATTCAGG-3’ 137 Putative carboxysome 0.049 0.073 —43 -3.8
5'-GTTAAAGTCATAATGCCAATCG-3’ structural protein; ethanol
utilization
STM1172 figM 5'-AGCGACATTAATATGGAACG-3' 126 Anti-FliA (anti-sigma) factor; 0.050 0.174 -43 =25
5'-TTTACTCTGTAAGTAGCTCTGC-3’ also known as RfIB protein
STM3692 lldP 5'-TGATTAAACTCAAGCTGAAAGG-3’ 189 LctP transporter; L-lactate 76.492 16.003 6.3 4.0
5'-CCGAAATTTTATAGACAAAGACC-3' permease
STM3693 lldR 5'-GAACAGAATATCGTGCAACC-3' 153 Putative transcriptional 68.378 30.597 6.1 49
5"-GAGTCTGATTTTCTCTTTGTCG-3’ regulator for lct operon
(GntR family)
STM1923 motA 5'-GGTTATCGGTACAGTTTTCG-3' 194 Proton conductor component 0.048 0.092 —4.4 -34
5'-TAGATTTTGTGTATTTCGAACG-3' of motor; torque generator
STM4277 nrfa 5'-GACTAACTCTCTGTCGAAAACC-3' 159 Nitrite reductase; 0.051 0.324 -43 -1.6

5"-ATTTTATGGTCGGTGTAGAGC-3’

periplasmic cytochrome css,

“ STM3211 (rpoD) was used as the reference gene where no significant change in expression level was observed. The primer sequences used for rpoD were as follows:
5'-CGATGTCTCTGAAGAAGTGC-3' (forward) and 5'-TTCAACCATCTCTTTCTTCG-3’ (reverse). The size of the fragment generated was 150 bp.

® Location of the ORF in the serovar Typhimurium LT2 genome.

¢ For each set, the first sequence is the forward primer, and the second sequence is the reverse primer.

@ Functional classification according to the KEGG (Kyoto Encyclopedia of Genes and Genomes) database.

¢ Expression levels based on qRT-PCR. Values are ratios between the fir mutant and the WT, where values of <1 indicate that FNR acts as an activator and values
of >1 indicate that FNR acts as a repressor.

/ Expression levels based on microarray data. Values are ratios between the finr mutant and the WT, where values of <1 indicate that FNR acts as an activator and
values of >1 indicate that FNR acts as a repressor.

& Expression levels based on qRT-PCR, comparing the frnr mutant with the WT. Values are signal-to-log, ratios.

" Expression levels based on microarray data, comparing the fir mutant with the WT. Values are signal-to-log, ratios.
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FIG. 3. Correlation between the microarray and qRT-PCR data for
19 selected genes. The ratios of changes in gene expression, from the
microarray and qRT-PCR experiments, for the FNR mutant relative to
the WT were log, transformed and linearly correlated. The genes
selected and the primers used in qRT-PCR are listed in Table 2.

for qRT-PCR. The measured levels of mRNA were normal-
ized to the mRNA levels of the housekeeping gene rpoD. The
specific primers used for qRT-PCR and the normalized
mRNA levels are shown in Table 2. The microarray and qRT-
PCR data were log, transformed and plotted (Fig. 3). The
correlation between the two sets of data was 0.94 (P < 0.05).

To determine whether a binding site for FNR might be
present in the region upstream of the candidate FNR-regu-
lated genes, we searched the 5’ regions of these genes for the
presence of a putative FNR-binding motif using a Salmonella
logo graph (Fig. 2). One hundred ten out of the 189 genes
activated by FNR (58%) and 59 out of the 122 genes repressed
by FNR (48%) contained at least one putative FNR-binding
site (see Table S1 in the supplemental material).

FNR as a repressor. Transcription of the genes required for
aerobic metabolism, energy generation, and nitric oxide detox-
ification was repressed by FNR. In particular, the genes coding
for cytochrome ¢ oxidase (cyoABCDE), cytochrome cd com-
plex (cydAB), NADH-dehydrogenase (nuoBCEFJLN), succi-
nyl-coenzyme A (CoA) metabolism (sucBCD), fumarases
(fumB, stm0761, and stm0762), and the NO--detoxifying flavo-
hemoglobin (hmpA) were expressed at higher levels in the far
mutant than in the WT (see Table S1 in the supplemental
material). Also, genes required for L-lactate metabolism (/ld-
PRD) and for the production of phosphoenolpyruvate (pykF),
oxaloacetate (ppc), and acetoacetyl-CoA (ygeF) were ex-
pressed at higher levels in the mutant than in the WT (see
Table S1 in the supplemental material).

FNR as an activator. Several genes associated with anaero-
bic metabolism, flagellar biosynthesis, motility, chemotaxis,
and Salmonella pathogenesis were activated by FNR. The
genes constituting the dms operon, dmsABC (encoding the
anaerobic dimethyl sulfoxide reductase), required for the use
of dimethyl sulfoxide (DMSO) as an anaerobic electron accep-
tor (7), had the lowest expression levels (i.e., —200-, —62-, and
—23-fold, respectively) in the fnr mutant relative to the
WT (see Table S1 in the supplemental material). Two other
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operons coding for putative anaerobic DMSO reductases
(STM4305 to STM4307 and STM2528 to STM2530) were also
under positive control by FNR. The genes required for the
conversion of pyruvate to phosphoenolpyruvate (pps), Ac-CoA
(aceF), Ac-P (pta), and OAc (ackA), as well as those for the
production of formate (tdcE, yfiD, focA) and p-lactate (IdhA),
were expressed at lower levels in the fnr mutant than in the WT
(see Table S1 in the supplemental material). In addition, the
genes coding for a universal stress protein (ynafl’), a ferritin-
like protein (finB), an ATP-dependent helicase (hrpA), and
aerotaxis/redox sensing (aer) were also positively regulated by
FNR (see Table S1 in the supplemental material).

The genes for ethanolamine utilization (eut operon) (48, 67,
75) had lower transcript levels in the frnr mutant (Fig. 4B).
Although the FNR-dependent genes for tetrathionate utiliza-
tion (t7ABCSR), a major anaerobic electron acceptor, were
not affected by the lack of FNR, this was not surprising since
tetrathionate is also needed to induce expression (67).

Several of the middle flagellar (class 2) genes (e.g., flgN-
MDEFGKL and fliZADSTHJLM) and late flagellar (class 3)
genes (e.g., cheZYBRMWA, motBA, aer, trg, and tsr) had lower
transcript levels in the fnr mutant than in the WT (Fig. 4C to
E). There was no significant difference in the transcript levels
of the early flagellar genes (class 1) fIhD and flhC, whose gene
products FIhD/FIhC are the master regulators of flagellar bio-
synthesis (Fig. 4D). In addition, many newly identified flagellar
genes (23) (i.e., mcpA, mepC, and chel’) had lower expression
levels in the fnr mutant (see Table S1 in the supplemental
material), while the expression of mcpB was not affected.

Several genes in SPI-1 (e.g., prgKJIH, iagB, sicA, spaPO,
invJICBAEGF) had lower levels of expression in the fnr
mutant than in the WT (Fig. 4A). This region contains genes
coding for a type three secretion system and for proteins
required for invasion and interaction with host cells. The
data also showed that genes belonging to the other SPIs
were unaffected by the lack of FNR. However, the virulence
operon srfABC, which is located outside SPI-2 and regulated
by a two-component regulatory system (SsrAB) located on
SPI-2 (86, 90), was differentially regulated by FNR (see
Table S1 in the supplemental material). The effects of FNR
on a subset of the above-mentioned invasion and virulence
genes were further confirmed by measuring the levels of
mRNA in the fnr mutant and the WT strains by qRT-PCR
(Table 3).

Effects of FNR on motility and flagella. Expression of the
flagellar biosynthesis, motility, and chemotaxis genes was lower
in the fnr mutant than in the WT. Therefore, we compared the
WT, fnr mutant, and the mutant cells harboring pfnr for mo-
tility in soft agar under anaerobic conditions (Fig. 5, left
panel). The data indicate that the fnr mutant was nonmotile
(Fig. 5, left panel; compare the middle and top sections) and
that the lack of motility was complemented (~75%) by the
inclusion of pfar (Fig. 5, left panel, bottom section). The
<100% complementation by pfnr is probably due to extra
copies of the global regulator FNR (32). We also compared the
WT and the mutant for the presence of flagella by SEM (Fig.
5, center panel) and TEM (Fig. 5, right panel). Taken together,
these data show that the frnr mutant is nonmotile due to the
lack of flagella.
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FIG. 4. Scheme representing the structural organization of the major genes involved in virulence/SPI-1 (A), ethanolamine utilization (B), and
flagellar biosynthesis and motility/swarming (C to E). The names of genes are listed to the right of the arrows, an asterisk next to the gene indicates
the presence of at least one FNR motif in the 5’ region, and the numbers to the left of the arrows indicate the ratio of gene expression in the fir

mutant relative to that in the WT.

Effects of FNR on pathogenicity and killing by macro-
phages. Because our data (Fig. 4 and 5 and Table S1 in the
supplemental material) have shown that FNR positively reg-
ulates the expression of various loci, such as motility and
SPI-1 genes that are important determinants for Salmonella
pathogenesis (9, 85), we tested the virulence of fnr in a
murine model of mucosal and acute infection. In immuno-
competent C57BL/6 mice, the fnr mutant was completely
attenuated over a 15-day period following an oral challenge
with 5 X 10° or 5 X 107 CFU/mouse, while the WT strain
killed all mice within 10 or 12 days, respectively (Fig. 6A).
The mutant strain was also 100% attenuated when 250 CFU/

mouse were inoculated i.p. (Fig. 6B). The different Salmo-
nella strains were also tested for the ability to survive killing
by macrophages (Fig. 7). Similar numbers of fnr mutant and
WT cells were recovered from the macrophages 25 min after
infection (designated as time zero postinfection) (data not
shown). Data in Fig. 7A indicate that the lack of FNR
resulted in a dramatic reduction in the ability of Salmonella
to replicate in macrophages. Interestingly, most of the kill-
ing of the WT by macrophages took place during the first 2 h
postinfection (i.e., the WT resisted further killing beyond
2 h), while the viability of the fnr mutant continued to
decline by ~1 log between 2 and 20 h postinfection (Fig. 7A
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TABLE 3. qRT-PCR of selected invasion and virulence genes®

Locus® Name Primer sequence® Eragmcn{s Ratio®
size (bp)

STM2893  invl 5'-CTTCGCTATCAGGATGAGG-3’ 161 -9.27
5'-CGAACAATAGACTGCTTACG-3’

STM2874 prgH  5'-GGCTCGTCAGGTTTTAGC-3’ 190 —8.45
5'-CTTGCTCATCGTGTTTCG-3’

STM2871  prgk  5'-ATTCGCTGGTATCGTCTCC-3’ 199 —8.56
5'-GAACCTCGTTCATATACGG-3'

STM2886  sicA 5'-GATTACACCATGGGACTGG-3' 207 -3.92
5'-CAGAGACTCATCTTCAGTACG-3’

STM1593  srfA 5'-AGGCGGCATTTAGTCAGG-3’ 176 —4.33
5'-GACAGGTAAGCTCCACAGC-3'

STM1594  si1fB 5'-GGTACCAGAAATACAGATGG-3' 190 —6.55

5'-GCCGATATCAATCGATGC-3’

“ STM3211 (rpoD) was used as the reference gene where no significant change
in expression level was observed. The primer sequences used for rpoD were as
follows: 5'-CGATGTCTCTGAAGAAGTGC-3' (forward) and 5'-TTCAACCA
TCTCTTTCTTCG-3' (reverse). The size of the fragment generated was 150 bp.

® Location of the ORF in the serovar Typhimurium LT2 genome.

¢For each set, the first sequence is the forward primer, and the second
sequence is the reverse primer.

@ Size of the amplified PCR product.

¢ Ratio of transcription levels in the fnr mutant to those in the WT.

and B). Data in Fig. 7B also show that this phenotype is
complemented in fnr mutant cells harboring pfnr.
Congenic iNOS™/~ mice (unable to make NO-) and
pg917*~/~ mice (defective in oxidative burst oxidase) were
used to examine the roles of reactive nitrogen and oxygen
species (RNS and ROS), respectively, in resistance to an acute
systemic infection with FNR-deficient or WT Salmonella. The
fnr mutant was as attenuated in iNOS™~ mice as in congenic
WT C57BL/6 controls (data not shown). In sharp contrast, the
fnr mutant killed pg917* =/~ mice, albeit at a lower rate than
the WT strain (Fig. 8A and B). Consistent with the in vivo data,
the WT and the isogenic fnr mutant survived to similar extents
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in NADPH oxidase-deficient macrophages isolated from
pg917** =/~ mice (Fig. 8C).

DISCUSSION

We have shown that FNR is a global anaerobic regulator in
serovar Typhimurium ATCC 14028s, where it serves, directly
or indirectly, as an activator or a repressor of at least 311
genes. In particular, we demonstrate that FNR is a regulator of
virulence in serovar Typhimurium. The role of FNR in serovar
Typhimurium has previously been examined (53, 76, 87), and a
few comments are in order. Some of the genes identified as
OxrA (FNR)-regulated (76, 87) were also identified in the
present study (e.g., dmsA, pepT, dcuB). However, prior to the
present report, none of the virulence genes (i.e., SPI-1 or
srfABC) had been identified as a part of the Salmonella FNR
modulon. Although several studies have shown that oxygen
limitation induces adhesion and invasion in Salmonella (19, 40,
53, 73), it was concluded that “oxrA4 (fnr) is not involved in the
regulation of Salmonella invasiveness” (53). However, in a
recent study (69), fnr was shown to be essential for the viru-
lence of serovar Typhimurium SL1344 in the enteritis mice
model. Thus, the most likely explanation for the differences
between our findings and those reported previously (53, 76, 87)
relates to the strain of Salmonella employed. Herein, we used
the virulent strain ATCC 14028s, while the previous studies
(53, 76, 87) used serovar Typhimurium LT2, which was later
found to be avirulent due to an altered rpoS allele (77, 89). In
addition, the proteomes of the ATCC 14028 and the LT2
strains are significantly different (1).

FNR and metabolism. The regulation of anaerobic growth
and metabolism by FNR in E. coli is well characterized and has
been used to explain similar processes in serovar Typhi-
murium. However, the similarity between the two genomes is
only about 75 to 80% (62). Indeed, our data confirmed that
several aspects of their metabolic regulation are similar (see
Table S1 in the supplemental material). For example, the reg-

FIG. 5. Comparison of the WT, the finr mutant, and the mutant strain harboring pfnr for motility (left) and comparison of the WT and the
mutant for the presence of surface appendages by SEM (center) and for the presence of flagella by negative staining and TEM (right). Cells were
grown anaerobically in LB-MOPS-X media, and samples were prepared as described in Materials and Methods.
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FIG. 6. Comparison of the fnr mutant and the WT strain for virulence in 6- to 8-week-old C57BL/6 mice. (A) Groups of 10 mice were inoculated
p.o. with 5 X 10° and 5 X 10’ CFU/mouse. (B) Groups of five mice were challenged i.p. with 250 CFU/mouse, as described in Materials and
Methods. Percent survival is the number of mice surviving relative to the number of mice challenged at time zero.

ulation of the dmsABC operon, encoding the three subunits of
the anaerobic DMSO reductase (7), is similar in both organ-
isms. Alignment of the region from —400 to +50 of dmsA in
Salmonella and E. coli showed that the two sequences are
almost identical. Also, an FNR motif was identified upstream
from the starting ATG of dmsA. Two other operons, each
encoding three subunits of putative anaerobic DMSO reduc-
tases, were identified and found to be regulated by FNR. Fur-
thermore, the amino acid sequences coded by these putative
operons are only slightly homologous to the dms operon, thus
suggesting that their functions may be similar but distinct from
each other (data not shown).

FNR was also found to repress many of the genes encoding
enzymes involved in aerobic electron transport and oxidative
phosphorylation (e.g., cyoABCDE, cydAB, and nuoBCEFJLN),
as well as some TCA cycle enzymes (e.g., sucBCD, fumB,
STMO0761, and STM0762). The involvement of FNR, together
with ArcA, in the anaerobic regulation of the TCA cycle has
been observed (65).

The data have also revealed that FNR activates genes re-
quired for the anaerobic metabolism of pyruvate for the pro-
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FIG. 7. Comparison of the WT, the fnr mutant, and the mutant
strain harboring pfnr for survival inside peritoneal macrophages from
C57BL/6 mice. The macrophages were harvested and treated as de-
scribed in Materials and Methods. (A) Comparison between the fir
mutant and the WT strain. The number of viable cells found inside the
macrophages, at time zero, following the removal of extracellular bac-
teria by washing/gentamicin treatment is defined as 100% survival.
(B) Comparison between the WT, the fnr mutant, and the pfnr-com-
plemented mutant. The number of viable cells found inside macro-
phages at 20 h is expressed as percent survival relative to that found
inside macrophages at 2 h.

duction of p-lactate, acetyl-CoA, acetate, and formate that
may have a role in virulence (51) and at the same time re-
presses genes required for the utilization of L-lactate and for
the production oxaloacetate and pyruvate from phosphoenol-
pyruvate (see Table S1 in the supplemental material).

Ethanolamine, which is available in the host, can be used by
enterobacteria as a source of carbon, nitrogen, and energy. The
ability to use ethanolamine seems to correlate with virulence,
as a knockout of eutB in Listeria monocytogenes reduces its
ability to replicate intracellularly (41). Furthermore, in non-
pathogenic E. coli, the eut operon is incomplete and its expres-
sion is not affected by FNR (14, 43, 70). Our data showed that
all of the genes in the eut operon, including the positive regu-
lator eutR, were activated by FNR (Fig. 4B). However, an
FNR-binding motif was not found in the promoter of eutR,
though several members of this operon have at least one FNR
motif (Fig. 4B). This may suggest that FNR acts indirectly on
the eutR promoter or that it activates genes downstream from
eutR.

FNR and flagellar biosynthesis/motility/chemotaxis. Our
data indicated that FNR positively regulates the expression of
genes involved in flagellar biosynthesis, motility, and chemo-
taxis (Fig. 4 and 5). The flagellar genes are organized in three
classes that are expressed in a hierarchical fashion (12). Early
genes (class 1) consist of the master regulator operon fihDC,
coding for a transcriptional activator of the middle genes (class
2). The middle genes include fli4 (encoding o, required for
the expression of the late genes), fliM (encoding the anti-o*%),
and the genes for the synthesis of the flagellar basal body. Late
flagellar genes (class 3) consist of fliC (encoding flagellin) and
the genes for chemotaxis (12). Our data are similar to those
reported for E. coli MG1655 (14, 43) but different from those
reported for E. coli MC4100 (70). This discrepancy is most
likely due to the low transcript level of finr in WT E. coli
MC4100 (72).

We also found that FNR activates other genes related to
motility/chemotaxis, such as yajH and ycgR (see Table S1 in the
supplemental material). In E. coli, yhjH and ycgR are members
of the flagellar regulon and, in conjunction with H-NS, control
the flagellar motor function (47). Furthermore, we found that
the regulation of flagellar biosynthesis, motility, and chemo-
taxis by FNR is independent of the flagellar master operon
fIhDC. This finding is interesting but not surprising, because
the regulation of this complex regulon is known to take place
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FIG. 8. Virulence of the WT and the finr mutant in C57BL/6 mice and congenic gp917"°*~/~ mice and survival of the bacteria inside peritoneal
macrophages. The mice were challenged i.p. with 250 CFU/mouse, as described in Materials and Methods. (A) C57BL/6 and gp917"**~/~ mice
treated with the WT strain. (B) C57BL/6 and gp917"°*~/~ mice treated with the frr mutant. (C) Survival of the WT and the fnr mutant inside
macrophages from C57BL/6 and gp91”°*~/~ mice. The number of viable cells at 20 h is expressed as percent survival relative to that found inside

the macrophages at time zero.

at multiple levels in response to different environmental signals
(12).

FNR and pathogenesis. Our data have shown that FNR
positively regulates the expression of several loci involved in
flagellar biosynthesis, chemotaxis, acetate metabolism, and
SPI-1 invasion genes that are important in Salmonella patho-
genesis (26, 50, 51, 59). FliZ and FliA have previously been
shown to control the transcription of hil4 and hilC, the regu-
lators of a large number of SPI-1 genes (35, 60). In addition,
hilA is activated by SirA in response to the accumulation of
acetate and acetyl-P in the bacterial cytoplasm (51). Indeed,
our data showed that FNR activates the transcription of fliZ
and fli4 (Fig. 4C) as well as the genes involved in the synthesis
of acetate and acetyl-P (i.e., the eut operon, aceF, pta, and
ackA) (Fig. 4B and Table S1 in the supplemental material).
Certainly, further studies are needed to establish whether the
effect of FNR on hilA4 and hilC is direct (i.e., via FliZ and FliA)
or indirect (i.e., via fatty acid metabolites). In any case, the
data revealed that the transcription of many SPI-1 genes (i.e.,
prgKJIH, iagB, sicA, spaPO, invJICBAEGF), as well as genes
recently identified as having a role in pathogenesis (i.e., mcpA,
mepC, cheV, and srfAB) (23), was significantly reduced in the
fnr mutant (Fig. 4A and Table S1 in the supplemental mate-
rial). Furthermore, the positive regulation of SPI-1 genes by
FNR, the global anaerobic activator, corroborates previous
findings showing that oxygen limitation increases the expres-
sion of SPI-1 invasion genes (3, 39, 46) and that an fnr mutant
is nonvirulent in the enteritis mice model (69).

SPI-1 is believed to be essential for serovar Typhimurium
invasion of host cells but is not required for its survival inside
macrophages. Thus, in the mouse typhoid model, SPI-1 mu-
tants are attenuated when administered p.o. but are fully vir-
ulent when delivered intraperitoneally i.p. (24). However, our
data showed that the frnr mutant is 100% attenuated in mice
following either the p.o. or i.p. route of infection (Fig. 6) and
is also highly attenuated in macrophages (Fig. 7). These results
were unexpected, because survival inside macrophages usually
requires the induction of SPI-2 virulence genes (13), which,
according to our microarray data, were not affected by the lack
of FNR. Intriguingly, recent findings indicate that SPI-1 genes
are required for Salmonella persistence inside macrophages
(10) and for persistent systemic infection in mice (52). These

findings (10, 52) corroborate our results and may suggest a new
role for FNR in coordinating the expression of virulence genes
within and outside SPI-1 with those required for intracellular
survival.

Another plausible explanation for the reduced survival of
the fnr mutant inside macrophages may relate to its inability to
mount the multiple defenses normally required for intracellu-
lar survival (16, 18, 20, 83). For example, lack of FNR may
result in reduced expression of genes whose products are re-
quired for protection against the antimicrobial defenses uti-
lized by macrophages (61, 84). Therefore, we compared the
virulence of the fnr mutant and the WT in iNOS™/~ and
gp917°*~/~ mice, which are deficient in producing RNS and
ROS, respectively. The data showed that the frnr mutant is
attenuated in the iNOS™ mice (data not shown); however, it
was able to kill the gp91”°*~/~ mice and survive in macro-
phages isolated from gp917"**~/~ mice (Fig. 8). Indeed, resto-
ration of virulence to the fir mutant in the gp91”°*~/~ mice
but not in the iNOS ™/~ mice suggested that the mutant is more
sensitive to ROS than to RNS generated in the phagosomes.
Our microarray data have shown that the lack of FNR resulted
in a threefold increase in the expression of ~impA (coding for
flavohemoglobin, Hmp), required for protection against NO.
Interestingly, overexpression of Hmp in Salmonella increases
its sensitivity to hydrogen peroxide (4). On the other hand, the
expression of other genes required for protection against ROS
(i.e., sodA, sodB, sodCl, and sodC2 [coding for superoxide
dismutases] and katG and katE [coding for hydroperoxidases])
were not significantly affected by the lack of FNR (see Table S1
in the supplemental material). However, upon further exami-
nation of our array data, two candidate genes (i.e., finB [coding
for a ferritin-like protein] and ynaF [coding for a universal
stress protein]) whose expression levels were dramatically re-
duced (i.e., 21- and 116-fold, respectively) in the frur mutant
were identified (see Table S1 in the supplemental material).
The gene products of finB and ynaF could provide protection
against ROS generated inside the phagosomes and thus an
explanation for the inability of the mutant to survive inside the
macrophages. Studies are in progress to determine the roles of
FtnB and YnaF in Salmonella pathogenesis.

Our findings also suggest that FNR is functional inside the
phagosome. This conclusion seems to be at odds with the
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current dogma that macrophages are highly aerobic and there-
fore that FNR is inactive. However, in E. coli, full expression of
FNR-regulated genes (e.g., frd, dms) has been shown to take
place in a medium with a redox potential (Eh) of approxi-
mately +400 mV (81) or at [O,] in the gas phase of =2% (56,
80). It is also known that a steep pO, gradient exists between
the media in which the macrophages are suspended and the
inside of the phagosome (i.e., the pO, drops from ~210 uM in
the medium to 79.8 = 1.6 to 32.6 = 1.7 uM in the phagosome,
depending on the density of the macrophages) (28, 36, 37). In
addition, the production of ROS and oxygen consumption by
the macrophages as well as oxygen consumption by the phago-
cytosed Salmonella cells are expected to further decrease the
pO, in the phagosome. Furthermore, the pO, inside macro-
phages cultured in the laboratory at atmospheric oxygen is
most likely different from the pO, inside macrophages residing
in the host (2). Indeed, this is a complex topic, and further
work is needed to directly measure pO, available to bacterial
cells residing inside activated macrophages in culture as well as
in the host. In spite of this lack of knowledge, we must con-
clude from the present findings that the intraphagosomal pO,
allows for the expression of FNR-dependent genes. Indeed,
other reports support this conclusion: (i) the expression of
Brucella suis genes, normally associated with low pO,, while
residing inside the phagosome (38, 49, 58) supports the notion
of low intraphagosomal pO2, and (ii) the up-regulation of the
FNR-dependent nipAB promoters of serovar Typhimurium in
the activated macrophage-like cells RAW 264.7 (45) supports
the notion that FNR is functional inside the phagosome.

In conclusion, this is the first report demonstrating the role
of FNR in coordinating anaerobic metabolism, flagellar bio-
synthesis, motility, chemotaxis, and virulence in serovar Typhi-
murium. Also, recent reports that appeared during the prepa-
ration and submission of the manuscript for publication clearly
corroborate our findings and demonstrate the important roles
of FNR in the virulence of other pathogens (i.e., Neisseria
meningitides [S] and serovar Typhimurium [69]) and of ANR
(an FNR orthologue) in Pseudomonas aeruginosa (21).
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