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Intracellular free iron of Escherichia coli was determined by whole-cell electron paramagnetic resonance spectrometry. Ultra-
high pressure (UHP) increased both intracellular free iron and cell lethality in a pressure-dose-dependent manner. The iron
chelator 2,2=-dipyridyl protected cells against UHP treatments. A mutation that produced iron overload conditions sensitized
E. coli to UHP treatment.

Many pathogenic bacteria are killed by brief exposure to ultra-
high pressure (UHP) treatment at �300 MPa (1). Food pro-

cessors use lethal pressures (300 to 800 MPa) at ambient temper-
atures to pasteurize foods with minimal loss of nutritional and
sensory qualities (2). However, the mechanism of UHP-induced
microbial inactivation is yet to be fully understood.

Transcriptional analysis of pressure-treated Escherichia coli,
using a DNA microarray technique, revealed significant altera-
tions in the expression of genes related to the assembly of iron-
sulfur ([Fe-S]) clusters (3). The cysteine desulfurase of the SUF
system, sufS, was significantly downregulated (by 1.9-fold), and
the entire suf operon appeared to be downregulated. The SUF
system is primarily in charge of [Fe-S] synthesis under iron star-
vation conditions. Repression of the suf operon is likely due to
increased level of Fe-Fur, the iron-bound ferric uptake regulator,
when intracellular free iron is replete (4). The authors hypothe-
sized that UHP treatment disrupts the iron homeostasis, leading
to at least a transient increase in intracellular free iron, thus con-
tributing to lethality via production of damaging by-products
(i.e., hydroxyl radical produced via the Fenton reaction). The ob-
jective of this study was to investigate the relationship between
intracellular free iron and UHP-induced lethality of E. coli.

UHP treatments increase intracellular free iron of E. coli.
The amounts of intracellular free iron of E. coli K-12 before and
after 1-min treatments with 300 to 500 MPa (Quintus QFP6; Flow
Pressure Systems, Kent, WA) were determined using whole-cell
electron paramagnetic resonance (EPR) spectroscopy (5). Briefly,
stationary-phase cells were harvested and suspended in Tris buf-
fer, pressure treated or not, incubated briefly in Luria-Bertani
(LB) broth containing 20 mM deferoxamine mesylate (DF) (Cal-
biochem, La Jolla, CA), and resuspended in Tris buffer containing
glycerol, and the resulting concentrated cell suspension was sub-
jected to EPR analysis (Bruker ESP X-band spectrometer; Bruker,
Billerica, MA). The reagent DF chelates the intracellular free iron,
and the resulting complex produces a sharp EPR signal with a
g-value of 4.3 (5). The amplitude of the first derivative of the signal
was directly proportional to the concentration of iron in standard
solutions (data not shown). Treatment of E. coli with UHP in-
creased the concentration of intracellular free iron in a pressure-
dose-dependent fashion. The higher the pressure that was applied,
the greater the amplitude of the iron signal that was observed (Fig.
1A). Iron measurements were normalized by cell population;
therefore, the number of iron atoms per cell (Fe/cell) was calcu-

lated. As depicted in Fig. 1B, the intracellular free iron content
significantly increased from 1.1 � 104 Fe/cell for untreated cells to
3.4 � 104, 5.1 � 104, and 1.2 � 105 Fe/cell after 300-, 400-, and
500-MPa UHP treatments, respectively (P � 0.05). UHP-induced
lethality followed a similar trend, with milder UHP treatments
(300 and 400 MPa) resulting in less than a 1.0-log-CFU/ml reduc-
tion and the 500-MPa treatment inactivating 2.9 log CFU/ml (Fig.
1B). Pressure dose dependence of both lethality and free iron con-
centration implies that intracellular free iron is correlated to high-
pressure-induced lethality of E. coli. Previous studies suggested
that accumulation of O2

�, a by-product of aerobic metabolism in
most bacteria, could leach iron from the oxidatively labile [Fe-S]
clusters by attacking the weak iron-sulfide ligands (6, 7). Aertsen
et al. (8) proposed an endogenous oxidative burst as the cause of
cell damage by UHP. It is possible that lethal pressure treatments
(in excess of 300 MPa) induce the release of iron from [Fe-S] via
enhanced oxidative reactions, and the accumulation of free iron
finally leads to DNA damage and cell death.

Contribution of intracellular iron status to the barotoler-
ance of E. coli. Due to the increase of intracellular free iron in
UHP-treated E. coli, we speculated that cells may vary in barotol-
erance, depending on the level of intracellular iron. Iron overload
and iron deprivation conditions were achieved by adding FeSO4

and the iron chelator 2,2=-dipyridyl (DIP; Sigma-Aldrich, St.
Louis, MO), respectively, at levels of 250 to 1,000 �M. The basal
condition refers to cells grown in LB broth without the addition of
iron or iron chelators; this medium contains �5.8 �M iron. E. coli
cells grown under different iron availability conditions were col-
lected, resuspended in Tris buffer, and subjected to UHP treat-
ments (500 MPa, 1 min). Under the basal condition, UHP de-
creased the E. coli population by 5.1 log CFU/ml, whereas addition
of DIP significantly (P � 0.05) increased the barotolerance of E.
coli, regardless of its concentration, with an average population
decrease of 3.1 log CFU/ml (Fig. 2). DIP is a highly membrane-
permeable iron chelator that has been used to dequench fluores-
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cent metal sensors intracellularly (9). It is possible that DIP che-
lates the free intracellular iron released by UHP treatment,
forming a redox-inactive chelate, thus protecting cells against the
damage associated with excess free iron. According to a prior
study, treatment with iron chelators protected E. coli cells against
the lethal effect of H2O2, probably by capturing intracellular iron
and blocking the Fenton reaction (10). Supplementation of the
growth medium with extra FeSO4 did not significantly (P � 0.05)
affect the barotolerance of E. coli (Fig. 2). Iron acquisition is tightly
regulated by Fur to prevent potential cellular toxicity (4); there-
fore, a high level of intracellular iron is hard to achieve by increas-
ing the availability of extracellular iron.

It has been reported that Fur deficiency overloads E. coli cells
with intracellular free iron (6). Therefore, the Fur mutant (E. coli
KK210) and its wild-type strain (E. coli AB1157), grown in LB to
the stationary phase, were collected and treated with UHP (300 to
500 MPa, 1 min). The E. coli mutant was significantly (P � 0.05)
more sensitive to UHP than was the wild type (Fig. 3), indicating

FIG 2 Inactivation of Escherichia coli K-12 cultured under basal, iron depri-
vation, or iron overload conditions when treated with UHP treatments (500
MPa, 1 min, 25 � 2°C). Error bars represent standard errors (n � 3). Different
letter designations indicate significant differences in inactivation (P � 0.05).

FIG 1 Changes in intracellular free iron and corresponding changes in viability of Escherichia coli K-12 subjected to various ultrahigh-pressure (UHP) treatments
(0.1 to 500 MPa for 1 min at 25 � 2°C). (A) Iron electron paramagnetic resonance signals from a whole-cell preparation of E. coli subjected to various UHP
treatments. (B) E. coli survivors (line) and amounts of free intracellular iron (hatched bars) after different pressure treatments. Error bars represent standard
errors from three independent experiments.
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that elevated intracellular free iron contributes to UHP-induced
lethality. The 500-MPa treatments decreased the E. coli KK210
population below the detection limit of the enumeration proce-
dure (i.e., �7-log-CFU/ml reduction; data not shown).

In conclusion, UHP increases intracellular free iron of E. coli in
a pressure-dose-dependent manner. The iron chelator protects
E. coli against UHP, probably by chelating excess intracellular free
iron released during the treatment. E. coli cells with intracellular

free iron overload are highly susceptible to UHP treatment. These
data provide strong evidence that bacterial lethality by UHP is
influenced by the level of intracellular free iron.
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