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Salmonella remains a leading cause of bacterial food-borne disease, sickening millions each year. Although outbreaks of salmo-
nellosis have traditionally been associated with contaminated meat products, recent years have seen numerous disease cases
caused by the consumption of produce. Tomatoes have been specifically implicated, due to the ability of Salmonella spp. to enter
the tomato fruit and proliferate within, making the decontamination of the raw product impossible. To investigate the genetic
means by which Salmonella is able to survive and proliferate within tomatoes, we conducted a screen for bacterial genes of Sal-
monella enterica serovar Montevideo specifically induced after inoculation into ripe tomato fruit. Among these genes, we found
17 members of the previously described anaerobic Fur (ferric uptake regulator) regulon. Fur is a transcriptional and posttran-
scriptional regulator known to sense iron, suggesting the importance of this mineral to Salmonella within tomatoes. To test
whether iron acquisition is essential for Salmmonella growth in tomatoes, we tested a AfepDGC mutant, which lacks the ability to
import iron-associated siderophores. This mutant grew significantly more poorly within tomatoes than did the wild type, but
the growth defect of the mutant was fully reversed by the addition of exogenous iron, demonstrating the need for bacterial iron
scavenging. Further, dependence upon iron was not apparent for Salmonella growing in filtered tomato juice, implicating the
cellular fraction of the fruit as an important mediator of iron acquisition by the bacteria.

S almonellae are ubiquitous pathogens present in a wide variety
of warm- and cold-blooded hosts. Nontyphoidal salmonello-
sis is second to only campylobacterosis in cases of illness—some
1.4 million each year. It is, however, the leading cause of death
among food-borne bacterial diseases (1). Because of this associa-
tion with animals, outbreaks of salmonellosis have traditionally
been caused by the consumption of contaminated meat and poul-
try products. It has become increasingly common, however, for
human disease to be caused by Salmonella-contaminated vegeta-
bles and produce. In the past decades, tomatoes have been the
source of several outbreaks (2-7). The Salmonella serovars impli-
cated in these infections have been varied, including Montevideo,
Newport, Javiana, and Braenderup. In some cases, the sources of
infection have been found, often being contaminated water
sources, while in others, the sources are unknown (4-6).

A mechanism of penetration of Salmonella into the tomato
pulp has been proposed: exposure of tomatoes to contaminated
water lower in temperature than the tomato itself significantly
increased penetration of the fruit (8). In addition, Salmonella has
been shown to contaminate tomatoes via soil and from crop de-
bris from previous harvests (9, 10). The bacterium, when either
applied to the surface of the fruit or inoculated into the stem scar
or the pulp itself, can survive and proliferate (11-15). It can also
survive on leaves in the absence of desiccation (16) and prolifer-
ates significantly better when coinoculated with a bacterial plant
pathogen (14, 17-19). Also important to our work is the finding
that Salmonella enterica serovar Montevideo, which has been the
cause of human outbreaks and is used in our studies, survives well
in ripe tomatoes (12, 13, 16). Itis, in fact, a serovar that proliferates
highly under experimental conditions (15).

Although the basis of infection of animal hosts by Salmonella
has been well defined, much less is known about the genetic de-
terminants of this pathogen required for colonization of produce
plants and specifically of tomatoes. A genome-wide screen using
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Salmonella enterica serovar Typhimurium identified a number of
metabolic and regulatory genes induced during growth in toma-
toes but did not demonstrate genes required for bacterial survival
in this environment (20). Further work in this area showed that
the O-antigen portion of bacterial lipopolysaccharide is impor-
tance for Salmonella survival in tomatoes (21), as it is in animal
hosts.

A method that has been extensively used in the study of bacte-
rium-host interactions is in vivo expression technology (IVET).
The basis of the method is the identification of bacterial genes that
are selectively expressed when bacteria live in association with the
host as a means of both understanding the host environment faced
by the pathogen and identifying bacterial genes essential for sur-
vival within hosts. This method has been used for a number of
bacteria pathogenic in several plant species, including tomato (20,
22-29). Recombinase IVET (RIVET) is a variation on the tech-
nique that induces a permanent selectable change in the bacterial
phenotype in response to gene expression (30). Although plants
can be considered opportunistic hosts for this bacterium, and thus
specific infection mechanisms are unlikely to have evolved, it is
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clear that Salmonella survives and grows for prolonged periods
within produce plants, likely in the face of antibacterial responses
by the plant (17). It is therefore reasonable to assume that the
pathogen invokes metabolic pathways for the utilization of avail-
able nutrients and the response to plant defenses. In this work, we
describe the use of a RIVET screen to identify Salmonella genes
expressed specifically when bacteria live within tomato fruit to
gain insight into the requirements for survival and growth of the
pathogen in this environment. We demonstrate that components
of the bacterial iron acquisition system are selectively expressed,
and that this system is required for the prolonged survival within
this important produce plant.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Salmonella enterica
serovar Montevideo strain ATCC BAA710 and isogenic mutants thereof
were used for assays of function and for generation of DNA libraries. A
derivate of S. enterica serovar Typhimurium strain ATCC 14028s was used
as the vehicle for the RIVET screen, described below. Gene deletions were
created using the previously described one-step inactivation method (31).
Briefly, PCR products were generated from the chloramphenicol or kana-
mycin resistance genes of pKD3 or pKD4, respectively, using primers
carrying at their 5" ends 40 bp of homology to the regions flanking the start
and stop codons of the gene to be deleted. A derivative of strain BAA710
carrying pKD46, containing the N Red recombinase for allelic exchange,
was transformed with the resultant PCR products. All deletion mutants
were checked for the loss of genes by PCR. The recD::lacZ fusion was
constructed by first deleting recD and then integrating lacZ at the site of
the disruption as previously described (32).

The fepDGC complementing plasmid was made by PCR amplification
from BAA710 a 2,898-bp region that includes the fepDGC open reading
frames (ORFs) along with 110 bp of 5" upstream promoter region using
the primers 5'-TAAATAGGATCCCTATCGCCGCCCCAGCGGTA-3'
and 5'-TCGGGAAAGCTTTACAACGCCTTAATGCGAGT-3' and clon-
ing the amplified region into pGB2 cut with HindIII and BamHI (33). The
plasmid was maintained by growth in streptomycin (20 wg/ml) and spec-
tinomycin (100 pg/ml).

Screen for genes expressed within tomatoes. We created a library of
Salmonella genomic DNA fragments by partial digestion of total genomic
DNA from S. enterica serovar Montevideo BAA710, with Haelll, Alul, or
Rsal and then size fractionated the DNA to isolate fragments of 1 to 2 kb.
These three libraries were pooled, and fragments were cloned into the
Pmll site of the ampicillin-marked plasmid pCA19, placing them up-
stream of a promoterless derivative of the phage P1 recombinase cre,
which lies upstream from a promoterless lacZ (34). A derivative of strain
S. Typhimurium 14028s carrying a chloramphenicol resistance marker
and a pair of chromosomal JoxP sites flanking npt (kanamycin resistance)
and sacB (sucrose susceptibility) was P22 transduced with this library,
with an initial selection on either M9 minimal medium with 0.2% glycerol
or LB agar, supplemented with ampicillin (100 pg/ml), kanamycin (50
pg/ml), chloramphenicol (25 wg/ml), and EGTA (10 mM). S. Typhimu-
rium was used for these experiments as it exhibited a marked sensitivity to
sucrose, due to the presence of sacB, which was required for selection.

Approximately 10* independent library transductants were pooled for
inoculation into tomatoes. Red-vine tomato fruit from a local grocer was
inoculated with 10* to 10° bacteria, representing this pool of 10* clones, in
20 wl of phosphate-buffered saline (PBS). A total of 40 tomatoes were
inoculated with 40 independent library pools. For 20 of these tomatoes,
the initial selection was on LB agar containing the appropriate antibiotics,
and for the remaining 20 tomatoes, selection was on M9 minimal agar
with 0.2% glycerol and the appropriate antibiotics. For inoculation, stems
were removed, and an 18-gauge blunt needle was used to create four
channels into the tomato core tissue located immediately around the stem
scar. The 20-pl inoculum was divided evenly among the four channels
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and to a depth within 1.5 cm of the stem scar. After 48 h, the tomato core
tissue segment from 0 to 25 mm below the stem scar was harvested.

The cores were placed in a Whirl-pak filter bag (Nasco) with 1.5 ml LB
or M9-0.2% glycerol medium and crushed with a glass bottle, and the
liquid was collected through the bag filter. The tomato core liquid was
serially diluted and plated onto either LB or M9 agar plates with added
chloramphenicol, ampicillin, and 5% sucrose. From each tomato, 10 su-
crose-resistant colonies were saved, for a total of 200 clones derived from
each medium.

Of the 400 clones, 397 clones were successfully amplified by PCR and
Sanger sequenced. The three remaining clones were isolated by prepara-
tion of plasmid DNA and sequenced. Inserts were sequenced using a
primer from within the cre coding region that allowed for sequencing
across the insert junction. The average length of useable sequence reads
was 1,077 bp. We confirmed the sizes of all induced fragments to be in the
range of 1 to 4.5 kb by PCR amplification using primers homologous to
sequence that flanks the inserted fragment. The average insert size was
approximately 2 kb. Cloned fragments that induced expression of cre
nonspecifically (i.e., while bacteria were growing outside tomatoes) were
identified through expression of the fused lacZ by 3-galactosidase expres-
sion assays in either LB or M9 minimal medium with 0.2% glycerol.

Sequencing. Sequences were obtained using an Applied Biosystems
(Foster City, CA) automated 3730x] DNA analyzer by the Biotechnology
Resource Center Genomics Facility at Cornell University. The se-
quencing primer was 5'-AGGCAAATTTTGGTGTGACC, which is lo-
cated in cre. The location of each of the cloned fragments was deter-
mined by comparison to 50 draft genomes of S. enterica Montevideo
(available from the National Center for Biotechnology Information, sub-
mitted by the U.S. Food and Drug Administration) and to the sequenced
genomes of S. enterica serovar Typhimurium strain LT2 (GenBank acces-
sion no. NC_003197) and S. enterica serovar Typhimurium strain SL1344
(GenBank accession no. NC_016810).

Competition assays. The two strains to be compared were grown sep-
arately overnight at 37°C with aeration, subcultured to the exponential
growth phase, washed twice with PBS, mixed ata 1:1 ratio, and diluted 1:9
in PBS for inoculation. The number of bacteria in the inoculum was
determined by serial dilution and plating onto LB agar supplemented with
80 pg/ml X-Gal (5-bromo-4-chloro-3-indolyl-p-p-galactopyranoside)
and 100 wM ferric chloride (FeCly). For assays in tomato fruit, red vine
tomatoes from a local grocer were inoculated in replicates of five with
~10° CFU of the mixture of stains in 20 pl of PBS. For inoculation, stems
were removed, and an 18-gauge blunt needle was used to create four
channels into the tomato core tissue located immediately around the stem
scar. The 20-pl inoculum was divided evenly among the four channels
and to a depth within 1.5 cm of the stem scar.

Tomatoes were harvested either immediately or after 7 days of incu-
bation at room temperature, and the tomato core tissue segment from 0 to
25 mm below the stem scar was processed. The cores were placed in a
Whirl-pak filter bag with 10 ml LB medium and crushed with a glass
bottle, and the liquid collected through the bag filter. The tomato core
liquid was serially diluted, and aliquots plated onto LB agar supplemented
with X-Gal (80 wg/ml) and ferric chloride (100 wM FeCly). The iron
supplement was added to plates to reverse an observed slow-growth phe-
notype of the AfepDGC mutant on LB agar plates without additional iron.
Competitive index (CI) values were calculated as the mean ratio of CFU of
the two strains, with a CI of >1 indicating the presence of more of the
wild-type strain. Growth of strains within tomatoes was determined by
comparing the mean colony-forming units per tomato recovered at 7 days
to that recovered immediately after inoculation. For the tests of statistical
significance, replica plates were averaged, and ratio values were converted
logarithmically, while CFU values were divided by 1,000 and converted
logarithmically. Data were modeled using analysis of variance (ANOVA),
and significance was determined using least square (LS) means with the
Tukey honestly significant difference (HSD) test.

For assays using tomato juice, tomatoes of the same variety as that used
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for the fruit assays were cut into quarters, and the sections were placed in
the Whirl-pak filter bags and crushed using a glass bottle. We then col-
lected the juice through the bag filters and centrifuged it to remove solid
material. Supernatants were recovered, centrifuged again, and then fil-
tered through a 0.45-pm-pore filter. The wild type and the AfepDGC
mutant were inoculated together into 5 ml of juice at a final concentration
of ~1 X 10° per assay in a tightly capped tube sealed with Parafilm and
incubated standing. Bacteria were recovered immediately after inocula-
tion and again after 7 days of incubation at room temperature for enu-
meration on LB agar plates supplemented with 80 pg/ml X-Gal and 100
M FeCl,. Assays were performed in replicates of five. All experiments
were performed using disposable plastic supplies throughout to reduce
the possible contamination of reagents with iron. Iron concentrations
were measured using a colorimetric iron assay kit (Sigma-Aldrich) in
comparison to a generated standard curve.

RESULTS AND DISCUSSION

Iron-regulated genes are selectively expressed by Salmonella
spp. growing in tomatoes. To identify bacterial functions re-
quired for the survival and growth of Salmonella within tomato
fruit, we employed a recombinase in vivo expression technology
(RIVET) screen. As the Montevideo serovar has frequently been
associated with disease outbreaks derived from tomatoes, we in-
troduced a plasmid library of genomic DNA derived from S. en-
terica serovar Montevideo fused to the recombinase cre into a
Salmonella enterica serovar Typhimurium test strain carrying a
chromosomal antibiotic resistance cassette flanked by loxP sites
(34). After incubation in red ripe tomatoes, bacteria that had un-
dergone recombination of the loxP cassette, indicating selective
activation of the cre fusion due to the induction of promoter ac-
tivity, were obtained by selection on sucrose-containing medium
(see Materials and Methods for complete experimental details).
This selection yielded S. Montevideo genes encoding numerous
predicted functions, including energy metabolism, surface pro-
teins, and gene regulation, that might plausibly be required for
survival of the bacterium in this environment.

Conspicuous among the genes identified were those known to
be required for the direct acquisition of iron (Table 1). iroC and
iroE, located within a single operon, encode proteins utilized for
the binding of iron and for the production of the iron siderophore
salmochelin, respectively, while sitC encodes an additional iron
transporter. In addition, the screen identified several genes with
expression known to be controlled by Fur, the ferric uptake regu-
lator. Fur is a transcriptional and posttranscriptional regulator
that senses iron concentration and redox state. Recent work with
Salmonella Typhimurium has shown it to control expression of
genes in classes that include carbohydrate and nucleotide metab-
olism and bacterial adhesion (35). All of the genes derived from
our screen of S. Montevideo in tomatoes that are shown in Table 1
are members of this previously described Fur regulon.

Interestingly, the Fur regulon was defined in S. Typhimurium
using bacteria grown under anaerobic conditions, and this analy-
sis identified regulated genes not known to be controlled by Fur
when bacteria were grown in the presence of oxygen (35). That
work was conducted specifically to replicate the conditions pres-
ent in an animal host, where oxygen is limiting. The oxygen ten-
sion within tomato fruits under normal storage conditions, how-
ever, has been shown to be near that of ambient air (36),
suggesting the presence of some additional environmental signal
for the induction of the Fur regulon in our experiments. These
results thus suggest that within tomato fruit, Salmonella senses
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TABLE 1 Salmonella genes selectively expressed within tomato fruit that
are also constituents of the Fur regulon

No. of independent
isolates from

Gene library Function

fimA 5 Type 1 fimbrial protein

STM4305 5 Putative anaerobic dimethyl sulfoxide
reductase

yijl 3 Putative glycine radical enzyme

hrpA 2 ATP-dependent RNA helicase

tdcE 2 Pyruvate formate-lyase

bgl] 1 DNA-binding transcriptional activator

crr 1 Glucose-specific phosphotransferase

dfp 1 Bifunctional phosphopantothenoylcysteine
decarboxylase/phosphopantothenate
synthase

dmsA 1 Anaerobic dimethyl sulfoxide reductase

eutK 1 Ethanolamine utilization protein

fmt 1 Methionyl-tRNA formyltransferase

iroC 1 Putative ATP binding cassette (ABC)
transporter

iroE 1 Salmochelin siderophore system protein

nrdB 1 Ribonucleoside-diphosphate reductase

sitC 1 Iron/manganese ABC transporter

STM3547 1 Putative transcriptional regulator of sugar

metabolism

and responds to an environment of restricted iron concentration.
It is further plausible that the acquisition of exogenous iron in this
environment is important for the survival of Salmonella while
within tomato fruit.

Genes used for the transport of iron are required for the pro-
liferation of Salmonella in tomatoes. As iron is a limiting re-
source in many organisms, and as its acquisition has been shown
to be essential for the persistence and virulence of Salmonella in
animals (37, 38), we examined further the importance of iron
acquisition to bacterial survival in tomatoes. Salmonella uses a
pair of siderophores, enterobactin and salmochelin, the C-glyco-
sylated derivative of enterobactin, to scavenge iron from the envi-
ronment. Enterobactin can be captured by two distinct outer
membrane receptors, FepA and IroN, while salmochelin is trans-
ported primarily by IroN (39, 40). Both siderophores, however,
share a single mechanism of transport through the inner mem-
brane, utilizing the FepDGC transporter (37). To investigate the
importance of iron acquisition, we therefore constructed a
AfepDGC mutant of S. enterica serovar Montevideo, eliminating
the ability of this strain to import iron using both enterobactin
and salmochelin, and tested its ability to proliferate in tomato
fruit.

We used competitive index (CI) assays to compare the survival
of the AfepDGC mutant in tomatoes to that of the wild type. Our
experiments used as the wild type an isogenic strain carrying a
recD::lacZY insertion, which allowed the rapid enumeration of the
two strains by color on agar medium containing the chromogenic
substrate X-Gal. We had determined previously that the recD::
lacZY insertion had no effect on bacterial survival in tomatoes
compared to that of the S. Montevideo parent strain (data not
shown). We inoculated the AfepDGC mutant at 2 X 10’ to 3 X 10°
CFU per tomato together with a similar number of CFU of the
wild type into the stem end of tomato fruit and used competition

aem.asm.org 3665


http://aem.asm.org

Nugent et al.

A. B

£ 2.00 * .

S 4x10° [ wild Type 4x108

g O AfepDGC

Q 2

8 S 3x10° 36108

& 150 o *
< £

. I E oo ’

g {_; 2x10 2x10

5 >

T 1.00 _g

5 E 8 0e 1x108

T

<

x

§ 0.50 0 8 o
> Day 0 Day7
2

£

g Day0 Day7

8 o000

FIG 1 Mutation of fepDGC reduces Salmonella viability in tomato fruit. Wild-type and AfepDGC mutant strains were inoculated together in approximately
equal numbers into red ripe tomatoes. Bacteria were enumerated by harvesting tomato juice and tissue either immediately after inoculation (day 0) or 1 week later
(day 7) with plating onto selective agar. (A) The competitive index (CI) was measured as the ratio of wild-type to AfepDGC mutant cells, with a CI of >1
indicating a greater number of the wild-type cells. (B) Numbers of cells of each bacterial strain were determined by colony-forming units per tomato, with white
bars indicating the wild type and gray bars the AfepDGC mutant. Error bars indicate the standard deviation from the mean, based on five independent biological
replicates. Independent axes are used for the two time points for clarity. Significance was determined through ANOVA at P < 0.05. The asterisk indicates a

significant difference between cell numbers of the two strains.

assays to assess its ability to proliferate over time, assessing bacte-
rial numbers immediately after inoculation and then again 7 days
later. As shown in Fig. 1A, our inoculation consisted of slightly
more of the AfepDGC mutant than the wild type (CI of <1 for day
0, with a CI of 1 signifying equal numbers of both bacterial
strains). Conversely, we found that by 1 week postinoculation,
there existed a significantly lower number of viable AfepDGC mu-
tant bacteria compared to the wild type (median CI of 1.65), in-
dicating a loss of proliferation by the mutant during this period.
During these 7 days, both strains grew within tomatoes, increasing
their numbers by ~3 logs. As shown in Fig. 1B, however, the
wild-type strain grew significantly better (~1,300-fold) than did
the mutant (~700-fold), with the difference between the strains
corresponding to ~1 X 10® fewer viable AfepDGC mutant bacte-
ria (about 40% reduction) within tomatoes than the isogenic
wild-type bacteria.

To ensure that the observed phenotype was indeed caused by
the loss of fepDGC, we complemented the mutant strain with the
fepDGC operon encoded on a low-copy-number plasmid and un-
der the control of its native promoter. As a control, we first com-
pared the survival in tomatoes of the wild type with the AfepDGC
mutant, both carrying an identical plasmid cloning vector (Fig.
2A). As expected, the presence of this plasmid did not alter the
fitness advantage of the wild type, with a median CI of 2.65 for the
wild type over the AfepDGC mutant achieved by 1 week after
bacterial inoculation. In these plasmid experiments, although the
amount of the inoculum was similar to that used to assess the
AfepDGC mutant (Fig. 1B), neither bacterial strain proliferated to
as great a degree after 7 days (Fig. 2B and D). Specifically, with the
strains containing plasmid cloning vector alone, the wild type in-
creased during this period by only ~60-fold to 1.3 X 107 and the
AfepDGC mutant by only ~20-fold to 5.0 X 10° viable bacteria
(Fig. 2B). This general reduction in growth may be due to an
added metabolic burden placed on the bacteria by the low-copy-
number plasmid within the environment of the tomato fruit. We
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next compared the AfepDGC mutant strain complemented with
the fepDGC plasmid to the wild type with the plasmid cloning
vector alone. As shown in Fig. 2C, the wild-type strain was inoc-
ulated in slightly higher numbers than was the complemented
mutant, producing a CI of >1 on day 0. Seven days later, the CI
was significantly lower (Fig. 2C), indicating that the plasmid-
borne copy of fepDGC could restore the mutant to a growth phe-
notype superior to that of the wild type. This improved growth of
the complemented mutant can be seen in Fig. 2D; although the
total number of complemented mutants remained lower than that
of the wild type at 7 days, the growth rate of the complemented
mutant (75-fold change) surpassed that of the wild type (65-fold
change). A subsequent analysis of plasmid retention by selective
plating demonstrated no detectable loss of plasmids during the
course of these experiments (data not shown), indicating that any
fitness burden imparted by the plasmid was not sufficient to select
for its loss. Thus, these results demonstrate that the loss of Salmo-
nella proliferation in tomatoes can be attributed solely to the ab-
sence of the iron transporter FepDGC. They show also that mul-
ticopy expression of FepDGC can enhance Salmonella growth,
suggesting that the acquisition of iron is a limiting factor to growth
within tomato fruit.

Iron is required for the proliferation of Salmonella in toma-
toes. Although FepDGC is known to be a transporter of iron, it
remained possible that other, uncharacterized functions of this
transporter might make it important for the survival or growth of
Salmonella in tomatoes. To ensure that the observed survival de-
fect of this mutant was attributable specifically to the failure of
Salmonella to acquire iron within tomato fruit, we next tested the
phenotypic complementation of the mutation by the addition of
exogenous iron. We again performed competition assays using the
wild-type and AfepDGC mutant strains, but added to the inocu-
lum 800 wM FeCl,, a concentration that we had previously deter-
mined not to inhibit the growth or affect recovery of either strain
on laboratory media (data not shown). We found that this addi-
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FIG 2 Complementation of fepDGC restores Salmonella viability in tomato fruit. (A and B) The wild-type and AfepDGC mutant strains carrying the identical
cloning vector were inoculated together into red ripe tomatoes, with bacterial numbers determined immediately after inoculation (day 0) and 1 week later (day
7). The competitive index (CI) was measured as the ratio of wild-type to AfepDGC mutant cells, with a CI of >1 indicating a greater number of the wild-type cells.
The numbers of cells of each bacterial strain were determined by colony-forming units per tomato, with white bars indicating the wild type and gray bars the
AfepDGC mutant, both with the cloning vector. In a separate experiment (C and D), the wild type carrying the cloning vector was inoculated with the AfepDGC
mutant carrying a fepDGC complementing plasmid and similarly treated. In both cases, a CI of >1 indicates a greater number of the wild-type than the AfepDGC
mutant cells. Error bars indicate standard deviation from the mean, based on five independent biological replicates. Independent axes are used for the two time
points for clarity. For each experiment, significance was determined through ANOVA at P < 0.05. The asterisk indicates a significant difference between cell

numbers of the two strains.

tion of iron did not appreciably change the ability of the wild-type
strain to proliferate within tomatoes; the numbers of cells of this
strain harvested after 7 days were not significantly different with
or without added iron. Specifically, the wild type grew by ~200-
fold in the absence of exogenous iron and by ~160-fold with iron
added (Fig. 3A). This result indicates that the iron concentration
naturally present in tomatoes does not limit the growth of wild-
type Salmonella and therefore provides sufficient iron in the pres-
ence of intact bacterial iron-scavenging systems. Importantly,
however, inclusion of FeCl; in the inoculum did eliminate the
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growth defect of the AfepDGC mutant, restoring numbers of this
mutant to those of the wild type (Fig. 3A). Without iron added, the
AfepDGC mutant demonstrated the expected growth defect in
tomatoes, with a CI at 7 days significantly higher than that at the
day of inoculation (Fig. 3B). With added iron, however, the wild
type and the AfepDGC mutant strain had Cls near 1 at both the
time of inoculation and 7 days later, with the CIs at the two times
not significantly different from each other (Fig. 3B). These results
thus demonstrate that the known function of FepDGC, transport
of iron into the bacterium, is that which is required for the normal
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gray bars the AfepDGC mutant. Error bars indicate the standard deviation from the mean, based on five independent biological replicates. Independent axes are
used for the two time points for clarity. (B) The competitive index (CI) was measured as the ratio of wild-type to AfepDGC mutant cells, with a CI of >1 indicating
a greater number of the wild-type cells. Significance was determined through ANOVA at P < 0.05. The asterisk indicates a significant difference between cell

numbers of the two strains.

growth of Salmonella within the tomato. Furthermore, our data
show that iron acquisition is required for the growth of the patho-
gen in this fruit, as it is known to be in animal tissues. Our results
also support previous work in plants that demonstrated sidero-
phores and iron to be important for Salmonella colonization of
alfalfa roots (41).

Proliferation of Salmonella in tomato juice is not affected by
the ability to acquire iron. The internal environment of the to-
mato fruit is comprised of a complex milieu of liquid and cellular
material. To determine whether iron concentration in the liquid
fraction of this environment alone dictated the survival of Salmo-
nella, we further tested bacterial survival in tomato juice. Filtered
juice extracts obtained from the same variety of tomato used in the
fruit survival assays were employed in competition assays identical
to those described above. We found that the proliferation of Sal-
monella in tomato juice was similar to that in intact tomatoes (Fig.
4A). The inoculation of ~7 X 10° wild-type bacteria yielded 70-
fold bacterial growth after 7 days of incubation. Importantly, the
AfepDGC mutant survived and grew 65-fold, not significantly dif-
ferent from the wild type, demonstrating no loss of viability, in
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contrast to that observed in whole fruit (Fig. 4A). The CI calcula-
tion further demonstrated this parity of growth between the two
strains; there was no significant difference in the ratios of the wild
type and the AfepDGC mutant at inoculation and 7 days after-
wards (Fig. 4B). To further investigate the discrepancy in iron-
dependent growth between tomato fruit and juice, we measured
the concentration of iron in filtered juice extracts. The iron con-
centration varied within the single micromolar concentration
range among juice samples. Although this is far less than the con-
centration we used to supplement iron in tomatoes, it greatly ex-
ceeds the concentration known to be required to support the
growth of Salmonella. In defined laboratory medium, wild-type
Salmonella has been shown to grow in concentrations of iron as
low as 0.1 wM (42), thus indicating that the iron concentration
present in our juice samples was sufficiently great to permit bac-
terial growth even by the AfepDGC mutant, with its diminished
capacity to acquire iron.

These findings have important implications for understanding
the interaction of Salmonella with tomatoes. They demonstrate
that the acquisition of iron is essential for the growth of this patho-
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FIG 4 Ironacquisition provides no advantage to Salmonella during growth in tomato juice. The wild-type and AfepDGC mutant strains were inoculated together
into filtered tomato juice. Bacteria were enumerated from the juice either immediately after inoculation (day 0) or 1 week later (day 7) with plating onto selective
agar. (A) The numbers of cells of each bacterial strain were determined by colony-forming units per 5-ml juice assay, with white bars indicating the wild type and
gray bars the AfepDGC mutant. Error bars indicate the standard deviation from the mean, based on five independent biological replicates. Independent axes are
used for the two time points for clarity. (B) The competitive index (CI) was measured as the ratio of wild-type to AfepDGC mutant cells, with a CI of >1 indicating
a greater number of the wild-type cells. Significance was determined through ANOVA at P < 0.05.

gen within the tomato fruit; a AfepDGC mutant, unable to effi-
ciently scavenge iron, grew significantly less well than did the iso-
genic wild type strain. Importantly, we also found that the
concentration of iron in extracted juice was sufficient to support
the growth of both strains competent for iron acquisition and
those deficient, demonstrating that the ability to salvage iron from
within the fluid milieu does not alone dictate the survival and
growth of this pathogen within tomatoes. These results, taken
together, thus suggest that some factor or factors present within
the tomato fruit reduce the ability of the pathogen to acquire the
iron that should be available to it in this environment. We are
tempted to speculate that the fruit itself harbors means to chelate
iron, thus sequestering it from the bacteria. It has long been
known that animal tissues readily capture free iron and that Sal-
monella must compete for this nutrient, through the production
of siderophores, to establish infections in animal hosts (37). Some
plants are similarly known to chelate iron through the production
of phytosiderophores, molecules secreted into the rhizosphere
through the roots by graminaceous plants as a means to acquire
environmental iron (43). Although the existence of such iron ch-
elators in tomatoes is thus plausible, we know of no similar exam-
ple in any fruit. Alternatively, it remains possible that the environ-
ment within the tomato represses Salmonella functions essential
for the acquisition or use of iron. We think this explanation un-
likely, however, as our work stems from the identification of com-
ponents of the iron regulon specifically induced within the tomato
fruit (Table 1), implicating an active role in iron acquisition by the
bacterium. Thus, the data presented here, taken together, show
that Salmonella uses the iron stores that exist in the tomato fruit to
survive and proliferate within this important produce crop and
suggest that the tomato itself acts to limit the availability of iron to
the pathogen.
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