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Iron restriction and the growth of Salmonella enteritidis
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SUMMARY

Strains of Salmonella enteritidis were examined for their ability to remove ferric-
ions from the iron chelating agents ovotransferrin. Desferal and EDDA. Growth
of S. enteritidis phage type (PT) 4 (SE4) in trypticase soy broth containing
ovotransferrin resulted in the expression of iron regulated outer membrane
proteins (OMPs) of 74, 78 and 81 kDa. and unexpectedly the repression of
expression of OMP C. The 38 MDa 'mouse virulence' plasmid was not required for
the expression of the iron-regulated OMPs (IROMPs). SE4 was able to obtain iron
bound to the iron chelator Desferal and EDDA without expressing a high-affinity
iron uptake system. Strains of S. enteritidis belonging to PTs 7, 8, 13a, 23, 24 and
30 were also able to remove ferric ions from Desferal and EDDA without
expressing a high-affinity iron uptake system. We conclude that strains of SE4
possess a high-affinity iron sequestering mechanism that can readily remove iron
from ovotransferrin. It is likely that iron limitation, and not iron restriction, is
responsible for the bacteriostatic properties of fresh egg whites.

INTRODUCTION

Salmonella enteritidis is the most frequently isolated serotype from cases of
human food poisoning in England and Wales, and strains belonging to phage type
(PT) 4 predominate [1]. Chicken is a major reservoir of S. enteritidis PT4, and shell
eggs and poultry meat represent important vehicles of infection [2, 3]. Eggs from
naturally infected flocks may contain large numbers of SE4 [4] and these can
multiply in both the egg yolk [5] and egg white [6].
The early studies of Schade and Caroline [7] demonstrated the bacteriostatic

properties of egg white, subsequently identified as the iron chelating compound
ovotransferrin [8]. Egg white contains high levels of ovotransferrin, as compared
with the levels of, for example, transferrin in human serum or lactoferrin in human
milk [8].
The levels of 'free ' iron in egg white are considerably lower than those necessary

for bacterial growth [9]. However, certain species of bacteria express high-affinity
iron sequestering systems which can remove iron from these transferrins. These
mechanisms generally involve the synthesis of high-affinity iron-carrying
compounds called siderophores, and outer membrane proteins which act as

receptors for ferric-siderophore complexes [10]. Previous studies [tI] have shown
that strains of SE4 can produce the siderophore enterobactin, but not aerobactin.
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In the present study we examined the ability of strains of SE4 to utilize iron bound
to ovotransferrin, and also consider the role of iron in the multiplication of SE4
within eggs.

MATERIALS AND MEIETHODS

Bacteria
Strains of S. enteritidis used in the present study (Table 1), were stored on

Dorset's egg slopes in the culture collection held by the Division of Enteric
Pathogens.

Bacterial culture
Bacteria were grown in 10 ml of Trypticase Soy Broth (TSB, BBL Microbiology

Systems, Cockeysville, MD) (37 °C, 16 h), and this entire starter culture was used
to inoculate 150 ml TSB prior to incubation (37 °C, 3 h). The bacterial density of
this second broth culture was determined by measuring the culture absorbance at
621 nm (A621) and estimating the viable count using a graph plotting culture
absorbance (A621) against viable eounts.

Bacteria were grown in 500 ml of TSB containing 250 mg apo-ovotransferrin
(Sigma Chemical Co. Ltd) as described by Griffiths and Humphrey [12], in TSB
containing desferrioxamine (Desferal, CIBA-Geigy; at a concentration of 1 and
5 mg/ml) and in TSB containing ethylenediamine dihydroxyphenylacetic acid
(EDDA, Sigma Chemical Co. Ltd; at a concentration of 100,ug/ml). Bacteria
growing in TSB-ovotransferrin were cultured in an atmosphere comprising 5 %
CO2 and 95% air, and EDDA was made free from contaminating iron using the
method of Rogers [13].

Preparation of outer membranes and SDS-PAGE
Outer membranes (OMs) were prepared from SE4 strains P132344 and

P132344/1 as described previously [14]. OMs were also prepared using solutions
containing the protease inhibitors phenylmethylsulphonylfluoride (10 mM PMSF.
Sigma Chemical Co. Ltd) and ethylenediaminetetraacetic acid (1 mm EDTANa2.
Merck Ltd).

Outer membrane proteins (OMPs) were separated by SDS-PAGE as described
previously [14]. 30 ,ug of OM preparations were applied to SDS-PAGE gels with
a 125% separation gel and electrophoresed using constant current (50 mA) for
3 25 h. Profiles were stained with Coomassie blue [14].

RESULLTS
Characteristics of growth under iron restriction

S. enteritidis PT4 strain P132344 was grown in TSB alone, and in TSB
containing ovotransferrin, Desferal or EDDA. In TSB, strain 132344 grew rapidly
over a 12 h incubation period with exponential growth commencing approxi-
mately 6 h post-inoculation (Fig. 1). Outer membranes prepared from these
bacteria contained predominantly three major outer membrane proteins (MOMPs)
of 33, 35 and 36 kDa (Fig. 2, lane 1) which appeared to be expressed in similar
quantities.

Strain 132344 was consistently found to grow noticeably slower in TSB
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Table 1. Strains of Salmonella enteritidis used
Strain no. Phage type Source Ref

P 132344 4 Chicken pericardium [11]
P 132344/1 4 IsogenicXvariant of P132344 [11]
P1492 7 Type strain [18]
P2468 8 Type strain [18]
P180216 13a Avian [18]
P 186565 23 Chicken [18]
P99768 24 Type strain [18]
P 159851 30 Chicken [18]

4.5-
TSB-alone

4-0 - TSB-Desferal

TSB-ovotr
3-0-

TSB-Desferal.A20 hlagphasewasobservedfor ctSB-EDDA

0-5-

0.0~
4 5 6 7 8 9 10 1 1 12

Time (h)

Fig 1. Salmonella~ enteritidis strain P132344 grew rapidly in TSB alone or in
TSB-Desferal. A 2 h lag phase was observed for bacteria growing in
TSB-ovotransferrin, whilst bacteria in TSB-EDDA exhibited a 3-5 h lag in growth
rate.

containing ovotransferrin with exponential growth commencing approximately
2 h later than bacteria growing in TSB alone (Fig. 1). This experiment was
repeated several times and iron-restricted bacteria were consistently found to
enter exponential growth phase approximately 2 h later than iron-replete
organisms. Growth in TSB containing ovotransferrin resulted in the reduced
expression of the 36 kDa MOMP (Fig. 2, lane 2). and the expression of iron-
regulated outer membrane proteins (IROMPs) of 74, 78 and 81 kDa. The IROMPs
of strain P132344 were found to migrate as fuzzy bands following very limited
freezing and thawing of outer membrane preparations. To investigate the possible
involvement of bacterial enzymes in the degradation of these IROMPs, OMs were
prepared from strain P132344, grown in TSB-ovotransferrin, using solutions
containing PMSF and EDTANa2. Following this procedure IROMPs were found
to migrate in SDS-PAGE gels as sharp bands, regardless of repeated freezing and
thawing. SE4'virulence' plasmid-free strain P132344/1 was also found to express
iron-regulated outer membrane proteins of 74, 78 and 81 kDa showing that the
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Fig. 2. Salmionella enteritidis strain Pt1 32344 grown in TSI3 alonie expresse(1 OMIPs of 33.
35' and 36 kDa; in contast, grow th of this straini in T~SB-Desferal resulted in the
expression of OMIPs of 74. 78 anid 81 kDa andi the reduced expression of the :36 kD)a
OAIP. 30 Yg of protein was loaded per lane.

mechanisms involved in the acquisition of iron from ovotransferrin were not
encoded on the 38 MDa 'virulence' plasmid.

Strains of S. enteritidis were also grown in TSB containing the iron chelating
agent Desferal and EDDA. In the presence of 5 mg/ml 1)csferal, a concentration
known to cause iron restriction for strains of Escherichia coli [15]. SE4 strain
P132344 grew very rapidly and repeatedly IROMPs were found not to be
expressed. When the Desferal concentration was increased to 10 mg/ml (Fig. 1).
SE4 strain P132344 exhibited kinetics of growth similar to those shown by this
organism growing in TSB alone (Fig. 1). IROMPs were nuot expressed and the three
MOMPs were expressed in apparently similar amounts. WNhen SE4 strain P132344
was grown in TkSR containing EDDA, the growkth rate was retarded (Fig. 1) with
exponential growth commencing almost 3-5 h later than bacteria growing in TSR
alone. However, growth in TSB EDDA did not result in the cxpression of
IROMPs and the three MOMPs were expressed in similar amounts.

Poultry associated strains of S. enteritidis belonging to phage types 7. 8, t3a, 23,
24 and 30 were also found to grow in TSB containing Desferal (10 mg/ml) without
showing a reduction in growth rate.

DISCUSSION

S. enteritidis PT4 strain P132344 showed a typical delay in grow,th rate wAhen
cultured in TSB containing ovotransferrin as compared to TSB alone. This lag in
growth rate was thought to be caused by 5E4 adapting to an iron restricted
environment, by expressing iron-regulated outer membrane proteins and the
siderophore enterobactin, since similar phenomena have been demonstrated for
bacterial species such as E. coli [15]. In the presence of ovotransferrin, strain
P132344 expressed IROMPs of 74, 78 and 81 kDa, which correspond to the 74 kDa
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CIR protein, the 78 kDa ferrichrome receptor protein and the 81 kDa ferric-
enterobactin receptor protein described for E. coli [16]. The protease involved in
the degradation of the IROMPs remains unknown; although, since the protease
inhibitor PMSF inhibited the enzyme, this protease was thought to belong to the
family of 'serine' proteases. Studies concerning the IROMPs of E. coli [15], Vibrio
vulniJicus [19] and Aeromonas salmonicida [20] have shown that these proteins are
generally not proteolytically degraded suggesting that SE4 might express cell-
associated proteases which are released following cell disruption. Nevertheless,
workers involved with the examination of IROMPs expressed by strains of
salmonella should perhaps consider the use of protease inhibitors when performing
studies of this nature.
Growth of SE4 in TSB containing ovotransferrin also resulted in the repression of

the 36 kDa porin protein. OMP C. Although growth under conditions of iron
restriction can result in the repression of certain outer membrane proteins, the
effect on OMP C we describe here appears to be unusual and has not been
encountered previously for other organisms. All strains of S. enteritidis tested were
able to remove ferric iron from Desferal without expressing a high-affinity iron
uptake mechanism; the processes involved are unknown and may involve the
physical breaking or distortion of the Desferal molecule. The ability of bacteria to
remove iron from desferrioxamine has been reported for strains of V. vulnificus
17], where this organism has been shown to use Desferrioxamine as a siderophore:
whether SE4 can use this molecule as a siderophore remains to be established.
Growth of strain P132344 in TSB-EDDA resulted in a considerable lag in the

growth rate. The growth rate of strains of Escherichia coli has been shown to be
retarded by EDDA [15]; however, in contrast to S. enteritidis, strains of E. coli
were found to express IROMPs under these growth conditions. The strains of SE4
examined were unusual in having the ability to remove iron from Desferrioxamine
and EDDA. although the mechanisms involved in these processes are unknown
and require further investigation.

Strains of SE4. like strains of S. typhi [18] and other members of the genus
Salmaonella, have been shown not to express an aerobactin mediated iron uptake
mechanism [11]; consequently, we concluded that an enterobactin mediated iron
uptake system was used. Enterobactin has an extremely high binding affinity for
iron (formation constant = 1052) as compared to that of ovotransferrin (formation
constant = 1032) and strains of SE4 should readily be able to remove ferric ions
from egg ovotransferrin. Hen egg contents contain considerable amounts of iron,
most of which is present in the egg yolk, whilst the levels of 'free ' iron in the egg
white are very low because of the presence of ovotransferrin.

Strains of SE4 appear to grow more rapidly in eggs that have been stored as

opposed to freshly laid eggs [5]. Since the contents of eggs change during storage
[6] and SE4 can migrate within eggs [6], the multiplication of SE4 within stored
eggs may relate to chemical changes in egg contents which might also include the
movement of iron into the egg white. As shown here strains of SE4 possess a high-
affinity iron-sequestering mechanism that can readily remove iron from ovo-

transferrin, and it is therefore likely that iron restriction is not responsible for the
bacteriostatic properties of fresh egg whites. However, bacteria are unable to
multiply in an iron-limited environment and the inability of strains of SE4 to grow
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in fresh egg whites may result from an absence of iron in the egg white. The work
of Lock and Board [21] showed that SE4 grows very rapidly in egg whites
following the injection of iron into infected eggs; however, rapid growth of
bacteria in preparations containing iron-saturated transferrins has been reported
for many bacterial species [22-25] and this phenomenon cannot be considered
unique to SE4. We conclude that the growth of SE4 in stored eggs mnay result from
iron migrating from egg yolk to egg white, and that, the high-affinity binding of
iron by ovotransferrin would not prevent SE4 from acquiring iron diffusing from
the egg yolk to the egg white.
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