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Tânia M. Stevanin,1,2 Robert K. Poole,1 Eric A. G. Demoncheaux,3 and Robert C. Read2*
Krebs Institute for Biomolecular Research, Department of Molecular Biology and Biotechnology, The University of

Sheffield, Sheffield S10 2TN,1 and Division of Genomic Medicine2 and Division of Clinical Sciences (South),3

Royal Hallamshire Hospital, University of Sheffield Medical School,
Sheffield S10 2RX, United Kingdom

Received 23 January 2002/Returned for modification 2 April 2002/Accepted 6 May 2002

Survival of macrophage microbicidal activity is a prerequisite for invasive disease caused by the enteric
pathogen Salmonella enterica serovar Typhimurium. Flavohemoglobins, such as those of Escherichia coli,
Salmonella, and yeast, play vital roles in protection of these microorganisms in vitro from nitric oxide (NO) and
nitrosative stress. A Salmonella hmp mutant defective in flavohemoglobin (Hmp) synthesis exhibits growth that
is hypersensitive to nitrosating agents. We found that respiration of this mutant exhibited increased inhibition
by NO, whereas wild-type cells pregrown with sodium nitroprusside or S-nitrosoglutathione showed enhanced
tolerance of NO. Most significantly, hmp mutants internalized by primary human peripheral monocyte-derived
macrophages survived phagocytosis relatively poorly compared with similarly bound and internalized wild-type
cells. That the enhanced sensitivity to macrophage microbicidal activity is due primarily to the failure of
Salmonella to detoxify NO was suggested by the ability of L-NG-monomethyl arginine—an inhibitor of NO
synthase—to eliminate the difference in killing between wild-type and hmp mutant Salmonella cells. These
observations suggest that Salmonella Hmp contributes to protection from NO-mediated inhibition by human
macrophages.

Salmonella enterica serovar Typhimurium causes human in-
vasive disease, particularly in frail and immunocompromised
individuals. In animal models of Salmonella disease, invasion
of M cells or CD18-expressing mononuclear phagocytes within
ileal mucosa is an initial step in the pathogenesis (38). Subse-
quent survival within macrophages is a key feature of Salmo-
nella virulence in vivo. Salmonella actively resists killing by
macrophages (12), a property that confers invasiveness on the
microorganism and increases the likelihood of disease in the
challenged host (31, 38). Mutants incapable of intracellular
survival are nonvirulent in experimental infections (11). Mac-
rophages phagocytize invading bacteria and kill them by a
number of mechanisms, including production of antimicrobial
peptides, lysosomal enzymes, reactive oxygen species (ROS),
and reactive nitrogen species (RNS).

Macrophages generate nitric oxide (NO) in response to a
variety of stimuli (43), and subsequent modification of NO (to
produce NO2, N2O3, and S-nitrosothiols) and reactions with
oxygen species (for example, with O2

�� to form ONOO�) may
result in enhanced bactericidal activity. There is continuing
controversy over the role of NO and its products in phagocytic
killing by human macrophages in contrast to murine macro-
phages, in which NO has an undisputed role (34, 39). In mice,
failure to generate NO leads to susceptibility to infection with
Salmonella serovar Typhimurium (22, 39). Both nitrosative and

oxidative stress are exerted by murine macrophages via pro-
duction of ROS and RNS during intracellular killing of Sal-
monella serovar Typhimurium (34, 39), though ROS are con-
sidered to have the dominant role, particularly within the
period immediately following internalization (39).

Salmonella is adapted to the intracellular environment and
has some characteristics which confer resistance to RNS.
These include DNA repair systems (e.g., umuC and recBC),
small thiol molecules (e.g., homocysteine), and detoxifying en-
zymes (e.g., copper zinc superoxide dismutase) (6, 7, 19). In
addition, there is a family of bacterial hemoglobins (29) pos-
sessed by many bacteria, including Salmonella. Bacterial he-
moglobins may be classified into three broad groups, namely,
the small single-domain proteins widely distributed but of un-
certain function (36, 41), the truncated globins that are 20 to 40
amino acid residues shorter than vertebrate hemoglobins (26),
and the flavohemoglobins, which are now the best understood
(29). The first gene for a microbial flavohemoglobin, hmp, was
discovered in Escherichia coli (37) and encodes a monomeric,
chimeric flavohemoprotein, comprising a single polypeptide of
about 44 kDa. The C-terminal domain of Hmp resembles
ferredoxin reductase, binds NAD(P)H, and transfers electrons
to the heme in the globin domain via flavin adenine dinucle-
otide (1, 17). The N-terminal domain is homologous to animal
and plant globins and contains a single heme B (37).

Evidence that flavohemoglobins are involved in resisting NO
came first from the demonstration that the E. coli hmp gene is
markedly up-regulated by addition of NO to cultures (28). The
Salmonella serovar Typhimurium hmp gene is also up-regu-
lated by spermine NONOate (3). Subsequently, mutants of
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both Salmonella serovar Typhimurium (4) and E. coli (24)
defective in Hmp synthesis were shown to exhibit growth de-
fects in the presence of NO or upon nitrosative stress and were
more prone to killing by these agents. It is now recognized that
E. coli Hmp detoxifies NO aerobically (29), via an oxygenase
(14, 15) or denitrosylase (16) reaction producing nitrate, or
anaerobically, by reducing NO to N2O (18). In E. coli, hmp
transcription is also increased upon exposure to the redox
cycling agent and superoxide generator methyl viologen (para-
quat) (2, 23, 27), and hmp mutant cells are hypersensitive to
killing by paraquat (24), but the physiological significance of
this is not understood. However, a Salmonella hmp mutant is
not more sensitive (4) than the isogenic wild-type strain to
paraquat and H2O2; the effects of oxidative stress on hmp
expression in Salmonella have not been reported.

In the present study, we tested the hypothesis that expres-
sion of Salmonella serovar Typhimurium Hmp contributes to
intracellular survival following phagocytosis. Here we describe
the novel finding that Hmp protects Salmonella from killing
within human macrophages and attribute this to the NO-de-
toxifying activity of the protein.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. All studies were performed
using wild-type Salmonella serovar Typhimurium ATCC 14028s or its isogenic
derivative carrying an antibiotic resistance cassette inserted in the hmp gene
(14028 hmp) (MCS2A) (4). Bacteria were cultured in TY broth (32) containing
kanamycin (final concentration, 50 �g/ml). Where indicated, S-nitrosogluta-
thione (GSNO) or sodium nitroprusside (SNP) (both 100 �M) was added to
liquid cultures. The optical density of the culture was measured spectrophoto-
metrically at 600 nm, in cells with a pathlength of 1 cm. Salmonella serovar
Typhimurium cells were transferred directly from nutrient agar plates (3 to 4
large colonies) into TY broth and incubated at 37°C with shaking until an optical
density at 600 nm of 0.25 was achieved (mid-exponential phase), unless otherwise
stated. Prior to experiments, bacteria were harvested and washed three times in
phosphate-buffered saline (PBS). MICs and minimum bactericidal concentra-
tions were determined for both strains by conventional methods.

Determination of respiration rates and the effect of NO on respiration of
Salmonella serovar Typhimurium. Bacteria were grown to stationary phase at
37°C with shaking (200 rpm), harvested by centrifugation, and washed once with
HEPES buffer. Respiration rates were measured with a Clark type polarographic
oxygen electrode (Rank Bros., Bottisham, Cambridge, United Kingdom) com-
prising a water-jacketed (37°C) Perspex chamber stirred magnetically (35). The
suspension (2 ml) was supplemented with glucose (final concentration, 10 �M),
and respiration rates were measured in the closed system. Additions of anoxic
NO-saturated solutions (28) were made with a Hamilton microsyringe in the
same way. The electrode was calibrated with air-saturated water (assumed to
contain 220 �M O2). Anoxia was achieved by adding a few grains of sodium
dithionite. The period of inhibition of respiration is calculated as the period
between addition of the NO solution, when respiration becomes inhibited, and
the point where oxygen uptake is reinitiated (35).

Human macrophages. Primary human peripheral monocyte-derived macro-
phages (MDM) were isolated from healthy volunteers by density centrifugation
of heparinized blood using standard techniques (30). Macrophages were cultured
for 10 to 12 days in 24-well flat-bottom plates (106 cells/well), in RPMI 1640
medium (Gibco BRL) supplemented with 2 mM L-glutamine and 10% fetal calf
serum, at 37°C in 95% air–5% CO2. Wells were incubated with RPMI 1640
containing 4% (vol/vol) bovine serum albumin for 15 min and then washed with
RPMI 1640 immediately prior to experiments.

Macrophage phagocytosis of Salmonella serovar Typhimurium. Suspensions of
bacteria were declumped by vortexing twice for 30 s each time, resuspended to
produce an inoculum of 2 � 107 CFU in 250 �l of RPMI 1640, and then added
to wells containing macrophages. In some experiments, there was initial cultiva-
tion for 60 min at 4°C in order to allow binding but not internalization of
bacteria. For microscopy, cells were fixed with 4% paraformaldehyde in PBS at
pH 7.4 and were stained with the nucleic acid stain 4�,6�-diamidino-2-phenylin-
dole (DAPI). Coverslips were removed, dried, mounted in Vectashield (Molec-

ular Probes), and viewed at a magnification of �1,000 by using a DMRB 1000
fluorescence microscope (Leica, Wetzlar, Germany). To measure internalization
during warm incubation, cells were fixed with paraformaldehyde and then irri-
gated with PBS containing a 1:20-diluted fluorescein isothiocyanate-conjugated
rabbit anti-Salmonella O antibody (Bacto) (to localize extracellular salmonellae),
followed by secondary irrigation with a 1:20-diluted fluorescein isothiocyanate-
conjugated goat anti-rabbit antibody (Sigma) and a DAPI counterstain (which
identifies nucleic acid within eukaryotic and prokaryotic DNA). Internalization
of bacteria was determined by subtracting the number of extracellular bacteria,
identified by their colocalization with the fluorescein isothiocyanate-conjugated
antibody, from the total number of bacteria exhibiting the DAPI stain, as pre-
viously described (30).

Assay of intracellular Salmonella viability. Bacteria and macrophages were
incubated at 4°C for 60 min, then washed and reincubated at 37°C as above, for
90 min (period of maximal internalization). The supernatant fluid was then
aspirated, and wells were washed twice with PBS. Extracellular bacteria were
killed by incubation with RPMI 1640 containing gentamicin at a concentration of
200 �g ml�1 at 37°C for 30 min. (The minimum gentamicin concentration
required for total kill of a suspension of 2 � 107 CFU of bacteria in RPMI 1640
over 30 min [150 ml�1] was identical for the two strains of Salmonella used in
these experiments.) Cells were washed twice in PBS and then incubated for a
further 120 min at 37°C in RPMI 1640. The numbers of surviving intracellular
bacteria were estimated by measuring viable counts from wells before and after
lysis of cells with saponin (1%) by using a standard dilution technique. This was
done both immediately prior to gentamicin treatment and 30, 60, 90, or 120 min
after addition of gentamicin. To determine the effect of inhibiting the production
of NO by NO synthase (NOS), macrophages were exposed to 1 mM L-NG-
monomethyl arginine (L-NMMA) for 48 h prior to infection of macrophages
with bacteria.

Assay of NO produced by MDMs. Macrophage production of NO was mea-
sured by an assay of nitrite accumulation in the supernatant liquid over 6 h of
incubation at 37°C. Nitrite was first reduced to NO gas in a mixture of sulfuric
acid and potassium iodide and then quantified by chemiluminescence (Model
Mk2B; Glaxo-SmithKline, Beckenham, United Kingdom). Nitrite concentrations
were calculated from the integral of the detected signal over time and were
compared to those of a series of standards. The assay was linear up to 500 �M
nitrite, with a limit of detection of 0.2 �M nitrite per 100-�l sample. Data were
recorded at the rate of 1 Hz by using Biopac data acquisition software (MP100;
Biopac Systems, Goleta, Calif.) (8).

Statistical analysis. Values are given as means � standard errors of the means
(SEM) unless stated otherwise. Differences between means of continuous values
were evaluated for statistical significance by the Student t test or by means of a
multivariate analysis of variance (ANOVA), as appropriate. Nonparametric data
were analyzed by the Wilcoxon sign rank test, the Mann-Whitney U test, or the
Freedman two way ANOVA, as appropriate. Statistical significance was estab-
lished at a P value of �0.05.

RESULTS

Expression of hmp protects Salmonella from NO inhibition
of respiration. There was no significant difference between the
rates of respiration of the wild-type and hmp mutant strains
prior to NO addition (Fig. 1A; compare traces 1 and 4). How-
ever, the mutant was more sensitive to NO inhibition than the
wild type, as judged by the period of inhibition after NO
addition, as defined by Stevanin et al. (35) (Fig. 1B). Moreover,
the rate of respiration of the wild type returned to its uninhib-
ited level 2 min after addition of NO, while respiration of the
hmp mutant recovered slowly and, at lower oxygen concentra-
tions, failed to recover to preinhibition levels (data not shown).
At a fixed concentration of O2 (approximately 60 �M) the
period of inhibition by NO was dose dependent (Fig. 1B), and
the mutant was considerably more sensitive. Thus, at 2 �M
NO, the mutant was about five times more sensitive than the
wild-type strain. Growing cells in the presence of the nitrosat-
ing agent SNP or GSNO significantly protected Salmonella
serovar Typhimurium from subsequent inhibition of respira-
tion with 9 �M NO (Fig. 1A; compare traces 2 and 3 with trace
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1). Only when NO concentrations exceeded 25 �M could some
inhibition be observed in cells preconditioned with these
agents (data not shown). Thus, as in E. coli (35), Hmp provides
inducible protection from transient inhibition of respiration.

Binding and internalization of Salmonella serovar Typhi-

murium by human macrophages. Both strains bound to the
surfaces of cells at a density of 2.6 bacteria per macrophage
(�0.4 for the hmp mutant and �0.2 for the wild-type strain)
(Fig. 2A). After further incubation of macrophages for 90 min
at 37°C, the number of bacteria associated with macrophages
increased for both strains (Fig. 2A). Maximal internalization of
macrophage-associated hmp mutant bacteria (approximately
80% of those that were macrophage associated) was achieved
after 90 min of incubation at 37°C. Although the hmp mutant
exhibited slightly greater adherence and internalization than
the wild type, this difference was not significant (Fig. 2B).

Sensitivity of hmp mutants to macrophage microbicidal ac-
tivity. At the point of maximal internalization (90 min of warm
incubation [see Fig. 2B]), saponin lysis of macrophages within

FIG. 1. Sensitivity of the Salmonella serovar Typhimurium hmp
mutant to NO inhibition of oxygen consumption. Respiration rates of
washed cell suspensions of strains 14028s (wild type) and 14028 hmp
(MCS2A) were measured in an oxygen electrode apparatus. (A) A
saturated anoxic solution of NO was added at intervals to produce (at
each point indicated by arrows) a final concentration of 9 �M, when
oxygen concentration was approximately 60 �M. Alongside the traces
is a scale of the respiration rate expressed as a 30 �M change in O2
concentration and an elapse of 2 min of recording time. Traces (which
have been offset for clarity) are as follows: trace 1, wild type; trace 2,
wild type grown in the presence of 100 �M SNP; trace 3, wild type
grown in the presence of 100 �M GSNO; trace 4, hmp mutant. (B) Re-
lationship between NO concentration and inhibition of respiration of
the wild type (open circles) and the hmp mutant (filled squares). The
uninhibited rate of respiration was 60 nmol of O2/min/mg of cell
protein in each case. Similar results were obtained in three separate
experiments.

FIG. 2. Binding and internalization of Salmonella serovar Typhi-
murium by human macrophages. Bacteria were incubated at 4°C for 60
min with macrophages, allowing binding but not internalization. Wells
were fixed with 4% paraformaldehyde to determine bound bacteria.
Thereafter, the trays were transferred to 37°C (time zero) to initiate
internalization. Wells containing wild-type (open circles) or hmp mu-
tant (solid squares) bacteria were scored after 30, 60, and 90 min of
incubation at 37°C. The number of bound bacteria associated with
each macrophage (A) was assessed microscopically. Internalization
(B) is expressed as the percentage of total macrophage-associated
bacteria that was internalized as observed by immunofluorescence,
compared to the total number of bacterial cells stained with the nucleic
acid stain DAPI. Data are means � SEM from no fewer than five
separate experiments performed in duplicate by using macrophages
from different human donors.
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wells yielded approximately equivalent numbers of viable bac-
teria of each strain: 24 � 105 � 6 � 105 CFU (wild type) and
20 � 105 � 5 � 105 (hmp) organisms (P � 0.05) (Fig. 3). No
bacteria were recovered from similarly washed control wells
that did not contain macrophages. Macrophages were then
treated with gentamicin for 30 min, and at 30-min intervals
over a subsequent 120-min chase, the number of viable hmp
mutant bacteria collected after saponin lysis (Fig. 3) was con-
sistently two to threefold lower than the number of viable
wild-type bacteria recovered (P � 0.05).

Effect of inhibition of NOS. Treatment with L-NMMA (1
mM) for 48 h reduced release of NO by resting macrophages,
as estimated by measurement of accumulated nitrite levels
(Fig. 4A). Viable counts of bacteria recovered from macro-
phage lysates obtained at 30 and 120 min after gentamicin
treatment are shown in Fig. 4B. In the absence of L-NMMA,
the wild-type strain was, again, significantly more resistant to
macrophage bactericidal activity at both 30 and 120 min after
gentamicin treatment. Treatment with L-NMMA (Fig. 4B,
data sets 2 and 4) significantly increased the resistance to
killing of the hmp mutant and eliminated the difference in
macrophage killing of wild-type and hmp mutant strains. Al-
though there was a trend toward increased survival of wild-type
Salmonella serovar Typhimurium in the presence of
L-NMMA, this was not statistically significant.

DISCUSSION

Studies with experimental animals suggest an important role
for inducible NOS (iNOS) in host defense against Salmonella

infections (34, 39). iNOS knockout mice show increased mor-
tality during Salmonella serovar Typhimurium challenge (22,
34). Furthermore, macrophages derived from these animals
display impaired killing of Salmonella serovar Typhimurium
even during the early (�4 h) phase of intracellular processing
of the organism (39). During this phase, NO provides micro-
bicidal activity in concert with the relatively potent phagocyte
respiratory burst. The role of NO in human host defense
against Salmonella serovar Typhimurium is far less clear, but
elevated production of NO has been detected in patients with

FIG. 3. Killing of Salmonella serovar Typhimurium by human mac-
rophages. MDM infected with wild-type (solid bars) or hmp mutant
(shaded bars) bacteria were incubated for 90 min at 37°C to allow
internalization of bacteria. External bacteria were then killed with
gentamicin for 30 min at 37°C. Samples were taken immediately before
gentamicin treatment (0 h) and every 30 min thereafter for viable
counts following saponin lysis. Results, expressed as CFU per milliliter,
are means � SEM from no fewer than six separate experiments per-
formed in duplicate by using macrophages from different human do-
nors. �, P � 0.05.

FIG. 4. Effect of the NOS inhibitor L-NMMA on intracellular sur-
vival of Salmonella serovar Typhimurium. (A) Effect of a 48-h pre-
treatment with L-NMMA on resting NO production, measured as the
accumulation of NO2

� in the supernatants of 12-day adherent MDM
cultures over 6 h of incubation in fresh medium at 37°C (n 	 8; P �
0.05). (B) Viable counts of Salmonella serovar Typhimurium within
macrophage lysates infected with wild-type (solid bars) or hmp mutant
(hatched bars) strains and incubated for 30 min (data sets 1 and 2) or
120 min (data sets 3 and 4) at 37°C, after addition of gentamicin to
wells. Data sets 1 and 3 represent cultures not treated with L-NMMA,
whereas data sets 2 and 4 represent cultures treated with 1 mM L-
NMMA prior to infection of MDM with Salmonella. Results are means
� SEM from no fewer than six experiments performed in duplicate
with macrophages from different donors. �, P � 0.05.
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bacterial gastroenteritis (10). Although most investigators have
demonstrated NO production by human macrophages (43),
the role of NO in the microbicidal activity of human macro-
phages remains controversial. Weinberg (43) has reviewed
more than 100 examples of iNOS mRNA expression, iNOS
protein expression, and NO production or NO-related antimi-
crobial activity of human mononuclear phagocytes. Humans
with phox mutations resulting in chronic granulomatous dis-
ease suffer multiple infections as a result of the impaired
phagocyte respiratory burst (25). Although no natural human
deficiency of iNOS has been described, a point mutation in the
promoter region of human NOS2 is associated with higher
NOS activity and relative protection against malaria (20), sug-
gesting a role for NO in natural protection of humans against
infection. Some investigators have failed to demonstrate a role
for NO in human macrophage microbicidal activity. One pos-
sible explanation for the successful demonstration of NO pro-
duction and NO-related antimicrobial activity of human MDM
in the present study is the prolonged in vitro cultivation (10 to
12 days) prior to experimentation. Martin and Edwards (21)
showed that the role of reactive nitrogen intermediates in
macrophage cytotoxic activity is much increased relative to that
in immature cells.

The present study has demonstrated that Salmonella serovar
Typhimurium Hmp protects the organism against NO-induced
inhibition of respiration in vitro. We have not extended these
experiments to precondition the wild-type and mutant strains
with nitrosating agents or performed complementation studies
of the hmp mutant with a plasmid expressing hmp, but these
experiments will be done in the future. We have also demon-
strated that Salmonella serovar Typhimurium protects the or-
ganism against killing by human macrophages during the first
few hours following nonopsonic phagocytosis. That the latter
effect was intracellular was suggested by equivalent internal-
ization of the wild-type and mutant strains, and the absence of
any difference in viability immediately prior to the gentamicin
exclusion assay. Furthermore, treatment of macrophages with
the iNOS inhibitor L-NMMA reduced resting NO production
by adherent cultured macrophages and removed the survival
advantage of the wild type over the hmp mutant following
subsequent challenge with the organisms. Treatment with L-
NMMA did not result in differential internalization of the two
strains (data not shown). That L-NMMA resulted in incom-
plete blockade of nitrite production (Fig. 4) suggests that some
nitrite may have arisen from unknown, non-NOS-derived path-
ways.

The microbicidal activity of NO against Salmonella is rela-
tively weak compared to that of other reactive species such as
peroxynitrite (5), but our data clearly show that at least some
protection against intracellular killing is afforded by Hmp, pre-
sumably because of its ability to detoxify NO (29). That this
effect was small (less than a threefold difference) may be a
reflection of the relatively minor microbicidal activities of NO
compared with those of the RNS, against which Salmonella
might employ other mechanisms of defense. The additional
significance of this study is that it supports an overall role for
NO in intracellular killing of Salmonella serovar Typhimurium
by human macrophages. A number of studies, reviewed by
Vazquez-Torres and Fang (40), have failed to demonstrate a
role for NO in macrophage killing of Salmonella, but this may

be due partly to the greater magnitude of the microbicidal
activity of phox mechanisms during the early phase of intracel-
lular killing. It is significant that in Salmonella, mutation of the
hmp gene leads to hypersensitivity to nitrosative stress gener-
ated by GSNO or S-nitrosylated N-acetylcysteine but not to
oxidative stress generated by paraquat or H2O2 (4). Sensitivity
to SIN-1 (3-morpholinosydnonimine hydrochloride), an in
vitro generator of peroxynitrite, was also unaffected in the hmp
mutant (4). These results indicate that the physiological role of
Hmp in this pathogen is protection from nitrosative stress, and
not from ROS or peroxynitrite, a product of the reaction of the
superoxide anion and NO. These strains of Salmonella are
therefore useful for examination of the contribution of NO to
macrophage killing.

There is clear evidence that murine macrophage iNOS is
activated and contributes to Salmonella killing very early on
during phagocytosis (42), but Vazquez-Torres et al. (39) dem-
onstrated that the NO-related bactericidal activity of murine
macrophages during the first few hours of intracellular pro-
cessing of Salmonella serovar Typhimurium is of relatively
minor importance compared with their bacteriostatic activity
24 h after internalization. We have not examined the perfor-
mance of the hmp mutant during extended cocultivation with
human macrophages, because we find, like others (31), that
Salmonella serovar Typhimurium is cytotoxic to human mac-
rophages over 24-h cocultivation; our present data reveal sig-
nificant differences in survival over the first few hours.

The experiments described here were performed without
opsonization of Salmonella. Despite this, the organisms bound
to the surfaces of macrophages in adequate numbers and were
internalized presumably by pathogen-directed mechanisms.
Although there is evidence for low-level production of com-
plement proteins in colonic mucosa (13), we reasoned that in
vivo, bacteria taken up into M cells may not be exposed to high
concentrations of opsonins prior to contact with the epithelial
surface and that a nonopsonic experimental procedure would
most likely mimic the physiological interaction between Sal-
monella and host macrophages. Likewise, we did not activate
macrophages with IFN-
 or IFN-�, which has been suggested
to be a more potent inducer of iNOS in human macrophages
(33), as Salmonella is likely to encounter resting macrophages
during the early phase of invasion. This probably explains the
relatively low concentrations of accumulated nitrite that we
measured in the supernatants of cultured macrophages; it is
noteworthy that an effect of Hmp on resistance to killing was
observed despite this.

Our experimental methodology to compare intracellular sur-
vival relies heavily on the gentamicin exclusion assay to esti-
mate numbers of viable intracellular organisms. This antibiotic
penetrates cells relatively poorly, but it can enter by pinocytosis
(9), and this is clearly possible at the concentration used in our
experiments. The microbicidal activity of gentamicin is greatly
reduced below pH 5.5 to 6.0, and internalized bacteria entering
phagosomes will be exposed rapidly to pH values lower than
this. It is unlikely that there was differential killing of wild-type
and mutant bacteria by intracellular gentamicin, since their
sensitivity to this antibiotic is identical, and although the dif-
ference in the numbers of viable intracellular bacteria ob-
served could be explained by differences in compartmentaliza-
tion, or some inhibitory effect upon phagosome acidification
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exhibited by the mutant but not the wild-type strains, the prob-
abilities of these confounders seem remote. The modest re-
duction of CFU yielded from lysates of macrophages infected
with the Salmonella hmp mutant may imply that NO may be
bacteriostatic rather than bactericidal under the experimental
conditions we used, which resulted in relatively low NO con-
centrations.

Flavohemoglobins have now been identified in a wide range
of bacteria and yeasts, and a role in resisting nitrosative stress
has been clearly demonstrated for the proteins from E. coli (15,
24), Ralstonia eutropha, and Saccharomyces cerevisiae (29). It is
highly probable that other, related flavohemoglobins, particu-
larly those that are up-regulated by nitrosative stress, have
similar roles. This study has confirmed that Salmonella Hmp
confers protection against nitrosative stress, and this may con-
tribute to the distinctive pathogenic potential of this human
pathogen.
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