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Storage of Salmonella enterica serovar Typhimurium strains in soil and water microcosms resulted in loss of
culturability on standard plating media. Prior incubation in buffered peptone water supplemented with
ferrioxamine E markedly extended the time that bacteria were recoverable by plating, except in the case of
mutants deficient in ferrioxamine E uptake.

Salmonella species are important food-borne pathogens that
represent a significant and increasing public health problem in
industrialized countries. Responding to the need for rapid and
sensitive methods for detecting Salmonella spp., we recently
reported the use of the hydroxamate siderophore ferrioxamine
E as a semiselective growth supplement in standard enrich-
ment procedures to increase the speed and sensitivity of de-
tection of Salmonella organisms in environmental samples, in
particular from food (9, 12). Ferrioxamines are highly effective
iron sources for Salmonella serovars of subspecies I, II, and
IIIb, which together account for .99% of human clinical iso-
lates (6), but not for a number of quite closely related species.
The current investigation arose from attempts to exploit this
effectiveness and selectivity to study the behavior of Salmonella
enterica serovar Typhimurium strains in mixed populations in
soil samples. The persistence of bacteria in the environment
(e.g., in soil, water, sewage, etc.) depends on the long-term
survival of heavily stressed cells, particularly the so-called via-
ble-but-
nonculturable (VNC) organisms, that cannot grow on conven-
tional laboratory plating media but may revive in vivo and
cause disease (2, 3, 8). We demonstrate here that ferrioxamine
E was able to resuscitate stressed serovar Typhimurium cells,
thus highlighting the need to reassess methods for the analysis
of bacteriological safety.

Soil microcosms were made by inoculating 7-kg batches of
nonsterile or heat-sterilized (2 h at 134°C) humic soil with
fresh tryptic soy agar (TSA; BD Heidelberg, Heidelberg, Ger-
many) cultures of bacterial strains at 107 to 108 CFU g21 and
stored at 12 to 15°C in normal daylight. At intervals, 25-g
samples of soil were suspended in 250 ml of 0.85% (wt/vol)
NaCl (saline), shaken thoroughly for 30 min at room temper-
ature, and serially diluted in saline. Duplicate 0.1-ml aliquots
were plated for viable counts on XLD agar (Oxoid, Basing-
stoke, England) and Galle-Chrysoidin-Glycerol (GCG) agar
(SIFIN, Berlin, Germany). At later time points, 10-g samples
of soil were suspended in 100 ml of buffered peptone water
(BPW; Oxoid) or BPW containing ferrioxamine E (50 ng
ml21) and incubated with shaking at 37°C for 24 h before

plating on selective agar as described above. In all cases, re-
covered bacteria were checked by agglutination with omniva-
lent Salmonella-Serum (SIFIN).

Serovar Typhimurium strain M307 (Table 1) remained cul-
turable on selective media, as measured by direct plating or
after incubation in BPW, for 84 days in a nonsterile soil mi-
crocosm and for 410 days in sterilized soil (Fig. 1a). This
difference, which was observed consistently, is presumably due
to competition by indigenous microorganisms in the nonsterile
environment, including perhaps the production of antibiotics
by soil streptomycetes (14). Prior incubation of soil samples in
BPW containing ferrioxamine E, however, resulted in observ-
able growth on selective plates for an additional 371 and 342
days, respectively. By contrast, strain RK102, which lacks the
ferrioxamine receptor and so cannot utilize ferrioxamines as
sources of iron (Table 1), survived approximately 130 days in a
nonsterile soil microcosm, as indicated by growth after incu-
bation in BPW, regardless of the presence of ferrioxamine E
(Fig. 1a).

Water microcosms were made by inoculating 1.5-liter
batches of sterile double-distilled water with fresh TSA cul-
tures at 105 to 106 CFU ml21 and stored at room temperature
in normal laboratory light conditions. Viable cell counts were
measured at intervals by plating serially diluted samples (0.1
ml) in triplicate on TSA containing 0.1% (wt/vol) sodium pyru-
vate (to avoid further stress by selective media). Recovered
colonies were checked by subculturing them onto GCG agar
and by agglutination using omnivalent Salmonella-Serum. Al-
though considerable interstrain variation was observed (for
reasons we cannot explain), progressive reduction in viable
counts as measured by direct plating was a consistent feature of
water microcosms of all strains tested (Fig. 1b). When colonies
were no longer recoverable by direct plating, 60-ml samples of
water microcosms were inoculated into 90 ml of 1.67-fold-
concentrated BPW and incubated with shaking at 37°C for 24 h
before plating them on TSA-pyruvate plates. After incubation
in BPW, wild-type strains ATCC14028 and SL1344 (Table 1)
were recovered from water microcosms for 119 and 79 days,
respectively; incubation in the presence of ferrioxamine, how-
ever, allowed recovery of these strains for an additional 35 and
41 days, respectively. On the other hand, incubation in the
presence of ferrioxamine E had no observable effect on the
recovery of ferrioxamine-uptake-deficient mutant strains
TA2700 or RK102 (Fig. 1b).

Bacteria in water microcosms were sampled on dark Nucleo-
pore polycarbonate membrane filters (Corning Glass Works,
Corning, N.Y.) and stained with the LIVE/DEAD BacLight
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Bacterial Viability kit L-7012 (Molecular Probes Europe, Lei-
den, The Netherlands). Cells were observed with an Op-
tiphot-2 (Nikon Tokyo, Japan) fluorescence microscope, and
eight fields of each sample were enumerated by the image
system LUCIA (Nikon). The two-color fluorescence dye of the
LIVE/DEAD system distinguishes living and apparently dead
bacteria as green and red cells, respectively (Fig. 2). We also
observed brownish orange bacteria that we assumed were cells
in the VNC state, but it is not clear whether the color is
evidence of an intermediate level of stress injury or of dor-
mancy. In addition, all samples were assayed microscopically
with the redox dye 5-cyano-2,3-ditolyl tetrazolium chloride and
counterstained with DAPI (49,69-diamidino-2-phenylindole)
(13) in order to confirm the numbers of living cells (red fluo-
rescent) relative to the total cell count. Samples of a water

microcosm of strain SL1344 taken after the time that colonies
were no longer observable (by direct plating or following in-
cubation in BPW, i.e., 89 days) contained no detectable living
cells, and approximately equal numbers of VNC and appar-
ently dead cells (Fig. 2). Analysis following incubation of the
same samples in the presence of ferrioxamine E, however,

FIG. 1. Effect of ferrioxamine E on serovar Typhimurium strains in soil and water microcosms. (a) Microcosms of the strains indicated in sterile or nonsterile humic
soil were sampled at intervals; open bars indicate the maximum time during which bacterial growth was observed on Salmonella selection media either directly or
following incubation in BPW, and solid bars indicate growth on selective media following incubation in BPW supplemented with ferrioxamine E. (b) Microcosms of
the strains indicated in sterile double-distilled water were sampled at intervals; open bars indicate the maximum time during which bacteria were recovered on
TSA-pyruvate after incubation in BPW, while solid bars indicate recovery following incubation in BPW supplemented with ferrioxamine E. Sampling intervals varied
depending on the observed decline in viable cell counts but were initially approximately monthly, then approximately weekly, and finally, particularly in the case of water
microcosms, daily. The data shown in this figure are representative of several experiments with various serovar Typhimurium strains that showed essentially the same
results.

FIG. 2. Resuscitation of serovar Typhimurium strain SL1344 from water
microcosms by ferrioxamine E. Microcosm samples taken at 89 days after inoc-
ulation were analyzed by using the LIVE/DEAD BacLight Bacterial Viability kit
L-7012 for the presence of live, VNC, and apparently dead cells (green, brownish
orange, red, respectively), either directly (open bars) or following incubation in
BPW containing ferrioxamine E (solid bars). Three replicate experiments gave
essentially the same results, with deviations of means for each cell type of no
greater than 5%.

TABLE 1. Serovar Typhimurium strains used in this study

Strain Characteristics Source or reference

ATCC 14028 Type strain ATCCa

M307 LT1 phage typing reference
strain

PHLSb

SL1344 Histidine auxotroph (hisG4) 5
TA2700 Deficient in hydroxamate

siderophore uptake (fhuC)
and enterobactin synthesis
(ent)

J. B. Neilands,
W. Rabsch (11)

RK102 Lacks ferrioxamine receptor
(foxA); nalidixic acid resistant

6

a ATCC, American Type Culture Collection, Manassas, Va.
b PHLC, Public Health Laboratory Service, London, England.
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showed the presence of many living cells and significantly
fewer VNC and apparently dead types, despite the fact that no
growth had occurred during the incubation period.

The loss of culturability we observed in soil and water mi-
crocosms is similar to that reported by others (1, 7, 10). The
novel observation here, however, is that incubation of micro-
cosm samples in the presence of ferrioxamine E is apparently
able to resuscitate stressed serovar Typhimurium cells, al-
though it should be noted that our experiments do not conclu-
sively demonstrate a direct link. We suggest that the uptake of
ferrioxamine is required, since the effect was not seen with two
mutants lacking components of the uptake mechanism for fer-
rioxamines. Moreover, microcosms of Escherichia coli strains,
which do not utilize ferioxamines as sources of iron (6), also do
not show extended culturability upon incubation with ferriox-
amine E (data not shown). It is unlikely that these effects are
due to ferrioxamine E degradation as a source of utilizable
carbon, as was recently reported for desferrioxamine B with a
Spirillum spp.-like bacterium (15), since Salmonella strains did
not grow in minimal media in which the only organic compo-
nent was ferrioxamine (unpublished data). Rather, we propose
that the phenomenon depends upon the fact that ferrioxamine
E (an iron-saturated complex with 1:1 stoichiometry) not only
supplies iron to bacteria that may have been severely iron
starved for prolonged periods but also, by balancing release
(e.g., by reduction) and use (in respiration, growth, etc.) of
ferric ions, may prevent the generation of damaging free rad-
icals at a time when stressed cells are in a particularly vulner-
able state (4). Studies are in progress to determine the mech-
anism of this effect, but meanwhile we recommend the use of
a preincubation medium supplemented with ferrioxamine E
for improved detection of Salmonella in environmental, food,
and clinical samples.
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