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To evaluate the role of aerobactin production in the virulence of Shigella flexneri, a iuc::TnlO insertion
mutant was obtained from strain M9OT, a serotype 5 isolate. This mutant was tested for its ability to invade
and kill HeLa cells in monolayers, to elicit keratoconjunctivitis in guinea pigs, and to infect ligated segments
of rabbit ileal loops. Although this mutant did not grow in iron-depleted media, its ability to grow
intracellulalry and eventually kill HeLa cells was unchanged from that of the wild-type strain. On the other
hand, an inoculum-dependent effect was observed in the Sereny test, as well as in the rabbit ligated ileal loop
model, which was monitored for fluid production and for both gross and microscopical alterations of the
mucosa. Transduction of the mutation within a noninvasive plasmidless derivative of the parental strain did not
alter growth within the intestinal lumen. We conclude that aerobactin production most probably provides
invasive strains with a selective advantage for growth within tissues when located in extracelHular compart-
ments.

The pathogenesis of bacillary dysentery comprises several
critical stages. In the first stage shigellae must have a

selective advantage over the indigenous flora and an ability
to reach and survive on the mucosal surface. The second
stage involves the invasion of colonic epithelial cells and
encompasses entry into cells, intracellular multiplication,
and eventual cell killing. This leads to the final stage, that of
dissemination within the conjunctive tissues of the lamina
propria, in which bacterial invasion triggers a strong inflam-
matory reaction which causes superficial abscesses and
ulcerations. Molecular products that allow bacterial survival
and growth on the surface of the colonic mucosa, within
epithelial cells, and finally within conjunctive tissues are
largely unknown. In Shigellaflexneri, a 220-kilobase plasmid
encodes functions for bacterial entry into cells and subse-
quent lysis, phenomena correlated with the ability of intra-
cellular bacteria to replicate freely within the cytoplasm (24,
25). More recent studies on the intracellular behavior of S.
flexneri in macrophages have suggested that early killing of
host cells is also correlated with rapid lysis of the phagocytic
vacuole, thus allowing direct expression of other virulence
genes within the cytosol (7). These data are not sufficient to
answer all pending questions.

Previous experiments have shown that a segment adjacent
to mtl on the chromosome of S. flexneri 2a is necessary for
completing the invasive phenotype of an Escherichia coli
K-12-S. flexneri 2a hybrid (23). Subsequent work associated
genes encoding the hydroxamate siderophore aerobactin and
its receptor with this region (9). Therefore it appeared
reasonable to investigate the possibility that aerobactin is a
critical virulence factor of S. flexneri with a potential role in
bacterial survival within the intestinal lumen and within the
intestinal tissues in which iron is chelated by transferrin. In
addition, an iron chelator may also be critical for bacterial
replication within cells in which iron is immobilized by
ferritin, as well as for early cell killing through depletion of
iron, which acts as a cofactor of enzymes critical for
eucaryotic cell respiration. Such a mechanism has already
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been described for the process by which activated macro-

phages may kill tumor cells (10).
In a recent work, Lawlor et al. constructed a mutant

defective in aerobactin production (14). Such a strain did not
demonstrate alteration in its capacity to invade HeLa cells
and multiply intracellularly. On the other hand, it seemed to
be impaired in its capacity to grow in the extracellular
compartment of embryonated eggs. In an attempt to define
the stage of the infectious process at which the production of
aerobactin could provide a selective advantage, we con-
structed a TnJO mutant of S. flexneri serotype 5 which no

longer produced aerobactin (i.e., iuc::TnlO) and tested its
virulence in a HeLa cell model and in rabbit ligated ileal
loops. This mutant showed no significant alteration in its
capacity to multiply intracellularly, as previously described,
or in its ability to kill host cells. On the other hand, the
mutation appeared to alter the growth capacity of the strain
within tissues in the extracellular compartment, in an in-
oculum-dependent manner.

MATERIALS AND METHODS
Bacterial strains and cultivation. The S. flexneri serotype 5

strains used in this study were M9OT, which contains the
virulence plasmid pWR100 (24), and its noninvasive deriva-
tive BS176, which has been cured of pWR100. E. coli
LG1522 (ara fepA lac leu mtl trpE proC rpsL supE thi tonA
xyl; pColV-K30iuc) (6) was used for aerobactin detection.
The plasmids used were pABN1, which carries the aerobac-
tin biosynthesis and transport genes of pColV-K30 (3), and
F'(Ts)1141ac::TnlO, which is a temperature-sensitive repli-
con carrying the tetracycline resistance transposon TnWO and
the lactose operon (13). These plasmids were maintained in
E. coli HB101 (5). Bacteria were routinely grown in L broth
(16) or Trypticase soy broth (Diagnostics Pasteur, Marnes-
La-Coquette, France). More specific experiments required
MacConkey lactose agar (Difco Laboratories, Detroit,
Mich.), Hektoen agar (Diagnostics Pasteur), or M9 medium
(21) supplemented with glucose (2 g/liter), Casamino Acids
(5 mg/ml; Difco), thiamine (50 p,g/ml), and nicotinic acid (10
,ug/ml). For experiments involving bacteriophage P1 vir, L
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FIG. 1. Structure of pABN1. This is a recombinant plasmid
carrying the aerobactin operon of the E. coli plasmid pColV-K30.
The probe used contained the aerobactin biosynthesis genes (iuc)
and a part of the ferric aerobactin receptor gene (iut). Symbols: _,
sequences encoding aerobactin biosynthesis; n, sequences en-

coding the ferric-aerobactin receptor.

broth, L agar, and L soft agar (0.65% agarose) were supple-
mented with 5 mM CaCI2. Iron-limiting conditions were

obtained by supplementing M9 medium with either 150 ,uM
tx,at'-dipyridyl or 150 ,ug of human transferrin per ml (both
from Sigma Chemical Co., St. Louis, Mo.). When neces-

sary, antibiotics were added at the following concentrations:
tetracycline, 12.5 jig/ml; ampicillin, 100 ,ug/ml.
To test the ability of the strains to grow in deferrated

medium, we made a preculture in M9 broth without defer-
ration. A portion was then inoculated in deferrated M9 broth
at a density of 107 cells per ml.

Assays for siderophore production. Enterochelin was de-
tected by the technique of Arnow (1). Aerobactin production
was detected by a biological assay with E. coli LG1522 as the
indicator strain. This mutant is deficient in enterochelin
uptake and aerobactin synthesis. It expresses the receptor
for the ferric-aerobactin complex. Lawns of this culture (107
bacteria per plate) were spread onto supplemented M9
minimal agar plates containing ax,a'-dipyridyl. Strains were
then spotted onto the lawn. Aerobactin production was
detected as a halo of satellite growth after overnight incuba-
tion at 37°C (6).

Isolation and cleavage of DNA. Plasmid DNA preparations
of S. flexneri were made by the technique of Kado and Liu
(12). The technique of Birnboim and Doly was used for
plasmid DNA extraction in E. coli K-12 (4). Preparation of
total bacterial DNA has been described previously (22).
Restriction endonuclease digestion of DNA was performed
as recommended by the manufacturers. Plasmid DNA and
the restriction products were subjected to agarose gel elec-
trophoresis (0.7%) in E buffer (40 mM Tris, 2 mM disodium
EDTA).

Preparation of DNA probe and hybridization. A restriction
fragment of pABN1, a recombinant plasmid which contains
the aerobactin operon of plasmid pColV-K30, was used as
probe (Fig. 1). The probe was purified by electrophoresis in
low-melting-point agarose gel (0.7 to 1%). The DNA frag-
ment was then labeled with 32p (The Radiochemical Centre,
Amersham, England) by nick translation (20). DNA to be
hybridized was blotted from agarose gels onto nitrocellulose
filters (Schleicher & Schuell, Inc., Dassel, Federal Republic
of Germany). Hybridizations were carried out by the method
of Southern (27).

Conjugative transfer of plasmids. Conjugation was carried
out at 37°C in static liquid cultures. Donor and recipient cells
were mixed in a ratio of 1:10. Bacteria were allowed to
conjugate for 2 to 4 h. Transconjugants were selected by
using amino acid auxotrophs on M9 minimal medium.

Transduction methods. The P1 vir transducing lysate was
prepared by the confluent plate technique (8). Recipient
strains were infected with P1 at a multiplicity of 1 to 3; after

adsorption for 20 min at 37°C the mixture was plated directly
onto selective medium.

Isolation of an icu mutant of M9OT. A icu mutant which no
longer produced aerobactin was constructed by transposi-
tion of TnJO into the aerobactin biosynthesis sequence.
F'(Ts)1141ac::TnJO was used as the TnJO donor. It was
conjugatively transferred at 32°C into the virulent S. flexneri
M9OT. A purified transconjugant, M9OT(F'(Ts)114Iac::
TnJO), was cultured at 42°C on MacConkey lactose agar
containing tetracycline. Lactose-negative, tetracycline-
resistant clones, resulting from loss of the F'(Ts)114 plasmid
vector and transposition of TnWO, were selected. A bank of
mutants were then established and subsequently screened
for iuc mutant clones. The M9OT derivative which no longer
produced aerobactin was named M9OT iuc::TnJO. The mu-
tation was then transduced with a P1 vir lysate into the
noninvasive strain BS176. The iuc mutant of BS176 was
named BS176iuc::TnJO.

Assay for intracellular growth of bacteria. Semiconfluent
monolayers of HeLa cells were infected at a multiplicity of
infection of about 50 bacteria per cell in 35-mm plastic tissue
culture dishes (Becton Dickinson Labware, Oxnard, Calif.).
The intracellular growth of bacteria was monitored as pre-
viously described (25), and 20 F.g of gentamicin per ml was
added to the medium to prevent any further reinfection of
the cells. The number of bacteria per infected cell was
obtained by using the following formula: (number of bacteria
per plate)/(number of HeLa cells multiplied by the percent-
age of infected cells). For each strain the experiments were
repeated twice and the mean values were calculated.

Assay for cellular killing. The assay for cellular killing was
done as previously described (7) with modifications . Radio-
labeled HeLa cells were used instead of macrophages.
Before being infected they were labeled for 18 h in a culture
medium containing 1 FLCi of [3H]uridine (The Radiochemical
Centre) per ml; they were then infected as described above
and incubated for 6 h in a medium containing 20 jig of
gentamicin per ml. At that time cells were washed and lysed
with 1 ml of 0.5% sodium deoxycholate in distilled water. A
100-,ul portion of this lysate was counted in an NCS/ACS
preparation (1:9 ratio) (The Radiochemical Centre). For each
experiment a control dish containing uninfected cells was
included. The percentage of residual HeLa cells on the dish
was then determined by measuring the amount of radioac-
tivity remaining in the infected dish compared with that
remaining in the uninfected one. For each strain the exper-
iments were repeated nine times and the mean values and
standard deviations were calculated.

Sereny test. The ability of invasive bacteria to elicit
keratoconjunctivitis in guinea pigs was tested as previously
described (26). Inocula were carefully standardized from 105
to 108 bacteria. Identical inocula of the two tested strains
(i.e., M9OT and the iuc mutant) were injected into each eye
of the same animal.

Rabbit ileal loop test. Rabbit ligated ileal loops of approx-
imately 10 cm with 2-cm spacers were prepared in 1.76- to
2.04-kg rabbits which were anesthesized with a 6% solution
of sodium pentobarbital (0.5 ml/kg). For each strain (i.e.,
M9OT, M9OTiuc::TnJO, and BS176), inocula of 107 and 109
CFU in 1 ml of Trypticase soy broth were tested. Each
inoculum of each strain was tested in a minimum of four
rabbits. Rabbits were sacrificed 18 h later. Loops were
examined, fluid accumulation was recorded, and the volume-
to-length ratio was calculated. After dissection, the condi-
tion of the mucosal surface was observed. Portions of the
loops infected were fixed in 10% buffered Formalin. Speci-
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FIG. 2. Hybridization of Shigella DNA with the probe described
in Fig. 1. Lanes: A, total DNA of M9OT digested with Hindlll; B,
plasmid extract of M9OT; C and D, total DNA of M90T and
M9OTiuc::TnJO, respectively, digested with HindIll; E and F, total
DNA of M9OT and M9OTiuc: :TnlO, respectively, digested with SalIl.

mens were processed by standard procedures and stained
with hematoxylin-eosin-safranin. Observation of the prepa-
ration by microscopy was independently performed by two
pathologists who were not aware of the infecting strain. With
BS176 and BS176iuc::TnlO, which cannot invade the intes-
tinal mucosa, the number of bacteria contained within loops
after a 24-h growth was measured. For each of these two
strains, two inocula were tested (107 and 109 CFU). The
inoculum injected was prepared as described above. After
the rabbits had been sacrificed, 10 ml of saline was intro-
duced into each loop to recover intraluminal shigellae. The
bacterial number within each loop was calculated after they
had been plated on Hektoen agar, which allows easy recog-
nition of Shigella colonies. Each inoculum of the two strains
was tested in six different loops, and the mean values and
standard deviations were calculated.

RESULTS

Characterization of the iron transport system in M9OT. As
was previously shown for other S. flexneri isolates (15, 18),
M90T did not produce a phenolate siderophore as detected
in the test described by Arnow (1). It produced a siderophore
of the hydroxamate type that the bioassay identified as
aerobactin. Hybridization of an M9OT plasmid extract with
the probe which contains the iuc genes encoding aerobactin
(Fig. 1) did not localize these genes on pWR100 (Fig. 2, lane
B). With the same experiment was performed on total DNA
digested with HindIII (Fig. 2, lane A), a signal was obtained,
indicating that the iuc genes were chromosomal.

Construction and characterization of the mutant M9OTiuc
::TnlO. M9OT clones which had received TnlO but had lost
the F'(Ts)1141ac plasmid vector were selected and tested for
aerobactin production. Of 394 mutants tested, 1 was found to
be defective in hydroxamate production. This mutant, like
the wild-type strain, grew well in M9 broth supplemented as
described above, but did not grow in 48 h when a subculture
was performed in the same medium in which iron was

chelated with ax,a'-dipyridyl or transferrin. To determine
whether the ferric-aerobactin receptor was still expressed in
the mutant, this strain was incorporated in an M9 minimal
agar plate with the supplements described in Materials and
Methods and with 150 ,uM a,a'-dipyridyl. The wild-type
strain was then spotted onto the agar surface. After 24 h a
zone of satellite growth appeared around M9OT, showing

that exogenous aerobactin could cross-feed the defective
strain and that the ferric-aerobactin receptor was still ex-
pressed by the mutant. It was not possible to assess the
presence of the ferric-aerobactin receptor by testing the
sensitivity of the mutant to cloacin, because this strain
cannot grow in the iron-depleted medium which is necessary
for induction of the ferric-aerobactin receptor.
To demonstrate that the TnJO insertion was localized

within the sequence encoding aerobactin biosynthesis, total
DNA samples from the wild-type isolate and the iuc mutant
were digested with HindIII, which cleaves TnJO, and with
Sall, which has no cleaving site within the transposon (11).
Hybridization of such material was performed with the
probe shown in Fig. 1. M90T digested with either of the two
enzymes showed a single band of hybridization (Fig. 2, lanes
C and E). On the other hand, mutant DNA showed two
hybridization signals corresponding to smaller fragments
when digested with HindIII (lane D) and one signal corre-
sponding to a larger fragment when digested with Sall (lane
F). These results indicate that TnJO is localized within the
iuc genes, thus increasing the size of one SalI-digested
fragment by approximately the transposon length and creat-
ing new Hindlll restriction sites within one of the genes.

Effect of the iuc mutation on the bacterial capacity to grow
intracellularly and kill cells. To evaluate the role of aerobac-
tin in the ability of S. flexneri to grow intracellularly, we
studied the respective growth kinetics of M9OT and mutant
M9OTiuc::TnJO within HeLa cells. The results are reported
in Fig. 3. No significant difference in growth between the
wild-type strain and the mutant could be observed, indicat-
ing that aerobactin is not a crucial factor for intracellular
growth.

In addition, the capacity of the two strains to promote
early killing of host cells was monitored as a function of
detachment of radiolabeled HeLa cells within 6 h after
infection. The percentage of residual radioactivity on tissue
culture dishes was 62 ± 8% with the wild-type strain and 61
+ 5% with the mutant. This indicated that the iuc mutation
does not affect the capacity of early killing of host cells by S.
flexneri.

Therefore on the basis of the HeLa cell model, aerobactin
does not play a significant role in the intracellular behavior of
S. flexneri.

In vivo virulence assays. To compare the in vivo virulence
of the two strains, we used two assays: the Sereny test and
infection of ligated segments of rabbit ileal loops.
The Sereny test was performed with different inocula of

the two bacteria. Each guinea pig received an equivalent
dose of the wild-type strain and the iuc mutant in each eye.
The results are presented in Table 1. At the usual inoculum
of 108 CFU, no significant difference could be observed
between the two strains in their ability to elicit kera-
toconjunctivitis. At 107 CFU, M90T and the iuc mutant
produced a normal response in 2 and 3 days, respectively. At
106 CFU the wild-type strain still elicited severe kerato-
conjunctivitis, while no response could be detected with the
iuc mutant. These results indicate that on the basis of the
Sereny test, the iuc mutation does not produce any quali-
tative alteration in the virulence of S. flexneri: only a
quantitative modification could be observed, indicating that
aerobactin production provides strains with a selective ad-
vantage over strains that do not produce this siderophore.
To further test the role of aerobactin production in the

virulence of S. flexneri and attempt to define the stage of the
infectious process at which aerobactin operates, we used a
more definitive assay. Segments of rabbit ligated ileal loops
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FIG. 3. Kinetics of bacterial growth of M9OT and M9OTiuc::TnIO.
M9OT; 0, M9OTiuc::TnlO.

were infected with two inocula of each of the strains tested
(1O7 and 109 CFU). Results were evaluated after overnight
infection by measurement of fluid production (which is null
in an uninfected loop), by gross examination of the mucosal
surface of the opened loop, and by histopathological obser-
vation. The intraluminal fluid production is shown in Fig. 4.
M9OT produced similar amount of fluid with the two inocula
tested. At an inoculum of 109 CFU the iuc mutant elicited a
lower response, although the difference was not statistically
significant. However, a striking decrease could be observed
with the mutant when used at 107 CFU. This result indicates
that the iuc mutant of M9OT requires a higher inoculum to
reach the threshold for maximal response observed with the
wild-type strain. Figure 5A shows one typical experiment:
intraluminal fluid accumulation was equivalent when M9OT
was inoculated at 107 CFU (loop 1) and its iuc mutant was
used at 109 CFU (loop 4). Slight fluid accumulation was
observed when the iuc mutant was inoculated at 107 CFU
(loop 3), whereas the noninvasive plasmidless mutant BS 176
inoculated at 109 CFU (loop 2) caused no significant fluid
accumulation.

Infected loops were then observed for gross alterations of
the mucosa (Fig. 5B). In loop 1, infected by the wild-type
M9OT at 107 CFU, severe lesions could be observed, with
disappearance of the normal folding of the mucosa; an
intense purulent exudate was also observed. Loop 2 was a
negative control which showed the normal aspect of the
mucos4l surface after inoculation with the noninvasive mu-

TABLE 1. Results of the Sereny test with different inocula of
strains M9OT and M9OTiuc::TnlO

Result" with strain:

Inoculum M90T after day: M9OTiuc::TnIO after day:
(CFU)

1 2 3 4b 1 2 3 4b

i80+ + ++ +++ ++++++ +++ +++ +++
107 + +±+++++++ O ++ +++ +++
106 0 0 ++ +++ 0 0 0 0
105 0 0 0 0 0 0 0 0

a Symbols: 0, no reaction; + +, keratoconjunctivitis; + ++
keratoconjunctivitis with important purulent exudate.
bFurther observation revealed no delayed positive results.

3 4 5 Hours

Each point is the mean of two different experiments. Symbols: 0,

tant BS176. Observation of loop 3 showed that after infec-
tion by the iuc mutant of M9OT at 107 CFU, although fluid
production was dramatically reduced, gross mucosal lesions
could still be observed. These lesions were much less severe
than those observed with the wild-type strain at the same
inoculum; no major destruction or purulent exudate could be
observed.

Figure 5C shows the histopathological alterations ob-
served after infection with M9OT and its iuc mutant. Only
slight alterations could be observed in tissues of loops
infected with the iuc mutant at 107 CFU (Fig. 5C1): the
epithelial layer appeared intact with enlargement and short-
ening of the villus as a result of edematous swelling of the
lamina propria. At 109 CFU (Fig. 5C2), the alterations
generated by the iuc mutant were more severe: in addition to
the previous lesions, the epithelium was infiltrated by poly-
morphonuclear and mononuclear leukocytes, which in many
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FIG. 4. Fluid production by infected loops. Production of fluid
was expressed as the ratio of volume (in milliliters) to the length of
the loop (in centimeters). Symbols: _, M9OT; , M9OTiuc::
TnIO; m, BS176. For each point the mean value and standard
deviation of a minimum of four independent experiments are
reported.
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FIG. 5. (A and B) Macroscopic features of infected loops. Loop 1, M9OT at 107 CFU; loop 2, BS176 at 109 CFU; loop 3, M9OTiic::TnIO

at 107 CFU; loop 4, M9OTiiuc ::TnIO at 109 CFU. (C) Histological aspect of infected loops. Panel Cl shows M9OTilic ::Tn/O at 107 CFU; panel
5C2 shows M9OTili(::TnlO at 109 CFU; panel 5C3 shows M9OT at 107 CFU: panel 5C4 shows M90T at 109 CFU.

places generated abscesses and ulcerations. Histopatholog-
ical alterations observed in loop tissues infected by M9OT
were similar and were independent of the inoculum (Fig. 5C3
and 5C4). The epithelial layer was disrupted by an intense
infiltration of polymorphonuclear and mononuclear leuko-
cytes with almost total destruction of the villus. Such an
inoculum effect led us to evaluate whether the hic mutation
could lead to poor intraluminal survival or multiplication of
the strain.
To assess the potential role of aerobactin production in

intraluminal survival or growth, ligated rabbit ileal loops

were infected with BS176 and BS176ic: :TnlO at two inocula
(107 and 109 CFU). These strains could not invade the
mucosa, and so we could explore the intraluminal compart-
ment only. Intraluminal bacteria were then enumerated as
described in Materials and Methods. At an initial inoculum
of 107 CFU, BS176 and BS176iiw: :TnlO reached a level of (3
+ 2.3) x 108 and (2.38 ± 1.2) x 108 CFU, respectively, after
24 h. At an initial inoculum of 109 CFU, BS176 and
BS176iuc::TnlO reached a level of (7.2 + 5.1) x 108 and (4.4
+ 4) x 108 CFU. respectively, after 24 h. These results
represent the mean and standard deviation of six experi-

VOL. 55, 1987

2



1968 NASSIF ET AL.

ments. There was no significant difference in intraluminal
survival and multiplication between the two strains at the
two inocula used.

DISCUSSION

Siderophore production is generally considered a viru-
lence factor in bacteria. This has been clearly documented
for the hydroxamate-type siderophore aerobactin in extra-
cellular pathogens such as E. coli (28, 29) and Klebsiella
pneumoniae (17). On the other hand, the contribution of
siderophores to virulence during the intracellular stage of
infection by facultative intracellular pathogens remains un-
clear. Recent work demonstrated that a mutation which
blocked production of the phenolate-type siderophore en-
terochelin did not affect the virulence of Salmonella typhi-
murium in mice (2). In other facultative intracellular patho-
gens such as Yersinia spp., no siderophore has even been
detected so far (19).
As the species S.flexneri produces aerobactin, it appeared

important to assess the role of this siderophore in virulence
and eventually determine the stage(s) of the overall infec-
tious process at which it is acting. Shigellosis encompasses a
complex series of events during which the invading micro-
organism goes from a stage of extracellular survival and
growth in the lumen to a stage of intracellular growth within
the epithelial layer and then to a final stage of growth within
conjunctive tissues, which, for bacteria which are not
phagocytosed, corresponds to extracellular growth.

In this study, a mutant of M9OT, an S.flexneri strain which
no longer produced aerobactin, was obtained through trans-
position of TnJO. Comparison of the hybridization patterns
of a DNA probe which comprises the genes for aerobactin
production with those of the chromosomal DNA of M9OT
and its iuc::TnJO mutant cleaved with various restriction
enzymes confirmed that the transposon had inserted within
the structural genes for hydroxamate biosynthesis. Like the
parental strain, this mutant did not produce detectable
amounts of enterochelin and, as a consequence, could not
grow in iron-depleted medium.
The effect of this mutation was then tested both in vitro

and in vivo. The in vitro assay, in which cultures of HeLa
cell monolayers were infected by the parenital strain or the
iuc mutant, demonstrated that aerobactin does not influence
growth within cells. This result was in agreement with those
recently reported by Lawlor et al., who also showed that
these bacteria can utilize hemin or hematin as a sole source
of iron, thus allowing growth in the absence of siderophore
synthesis (14). In addition, the ability of the iuc: :TnJO
mutant to kill HeLa cells as efficiently as its parental strain
indicated that the early killing process was not mediated by
iron depletion of the intracellular compartment.
Of the in vivo assays, the Sereny test demonstrated that

introduction of the iuc::TnJO mutation had an inoculum-
dependent effect on the outcome of keratoconjunctival in-
fection. The production of aerobactin seemed to provide the
strain with a selective advantage. However, such a test did
not identify the stage of the infectious process at which the
selective advantage provided by aerobactin production may
operate. Infection of ligated segments of rabbit ileal loops,
which represents a more definitive assay, allowed us to
assess the effect of the mutation with more accuracy. After
18 h, equivalent numbers of bacteria were found when the
loop was infected with the noninvasive derivative of M9OT,
BS176, and its iuc::TnJO mutant. Such results suggest that
aerobactin production does not provide strains with a selec-

tive advantage at the stage of intraluminal survival and
growth. Similar experiments were conducted with invasive
M9OT and its iuc: :TnlO mutant to monitor the loops for fluid
production, gross alterations of the mucosal surface, and
intensity of histopathological lesions. An inoculum-depen-
dent effect was again observed with minor alterations for the
mutant at an inoculum of 107 CFU, whereas the parental
strain displayed a full pattern of virulence at a similar
inoculum. On the other hand, lesions appeared qualitatively
similar although quantitatively smaller when the mutant was
used at an inoculum of 109 CFU per loop.

If one considers that S. flexneri behavior in HeLa cells is
a reflection of the actual situation within intestinal cells, such
experiments would indicate that the selective advantage
provided by aerobactin production operates at the stage of
multiplication within tissues when bacteria lie within the
extracellular compartment of the intestinal villus.
Such a mutant may be worth considering as a component

of a vaccine. It could not be expected by itself to provide
sufficient attenuation of virulence, but it would certainly be
considered an additional security.
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