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Seawater used in mariculture has been suspected of being a potential source of infection. In this study, the
lethal effects of low-amperage electric treatment on microorganisms were examined in natural seawater and in
seawater inoculated with Vibrio parahaemolyticus. In both cases, bacteria including V. parahaemolyticus in
seawater were completely eliminated in 100 ms by a 0.5-A, 12-V direct current. Electron microscopic investigation of the electrically treated bacteria revealed substantial structural damage at the cellular level. In
conclusion, our results indicate that low-amperage electric treatment is effective for rapid inactivation of
microorganisms in seawater.
The prevalence and distribution of bacteria such as Vibrio
species in aquatic environments are of great public health
concern because Vibrio spp. are pathogenic for both humans
and animals (18). Recent outbreaks of Vibrio parahaemolyticus
in the United States have been associated with eating behavior
such as the consumption of raw or undercooked seafood, including fish and shellfish (1, 4, 9). Hence, seawater used for the
cultivation and washing of fish and shellfish is another potential source of infection. However, conventional techniques of
water sterilization are typically unsuitable for seawater. Antibiotics, for example, have come to be commonly used to prevent diseases due to seafood in fishery and culture, but chemical disinfectants may be toxic, deteriorate with an abnormal
smell, and cause increased resistance to antibiotics (8). Heat
sterilization is not suitable for large-scale treatment and culturing of fish (12). Ozone and UV light are efficient and produce harmless derivatives but are more costly (3, 5, 19). Recently, the use of pulsed electric fields, which are nonthermal
and nonchemical, has been researched for sterilization of water (13, 16, 21, 22). However, the industrial plant required for
such treatment represents a major investment for manufacturers because of the limited application of high-voltage electric
fields. We also have studied an electric sterilization method for
seawater that is based on low-amperage direct-current transfer
between bacterial cells and electrodes rather than on the generation of toxic substrates such as H2O2 (10). In contrast to a
pulsed electric field, the method described here uses a lowintensity electric current and is therefore potentially much
simpler and cheaper to implement. In the present study, the
sterilizing effect of low-amperage electric treatment for various
times was studied with natural seawater and seawater inoculated with V. parahaemolyticus. Because V. parahaemolyticus is

known to cause gastrointestinal illness in humans, it seemed to
be suitable as our experimental model.
The natural seawater used in this study was collected in the
seashore of In-cheon in Korea. V. parahaemolyticus (ATCC
17802; Shirasu food-poisoning isolate) was grown in nutrient
broth (Difco Laboratories, Detroit, Mich.) containing 3% (wt/
vol) NaCl at 37°C. At the end of the exponential growth phase,
the cells were resuspended in filtered seawater to a density of
104/ml before transfer to an electrolysis vessel containing two
platinum electrodes. The electrolysis vessel used in this study,
an acrylic resin cylinder with two internally attached platinum
electrodes immersed in seawater, was made as a small-batch
treatment prototype. The two electrodes, 10 mm wide and 80
mm long, were 10 mm apart from each other and connected to
a DC power supply (model 525C; Metronix Corp., Tokyo,
Japan). Electric treatments were carried out in triplicate with

FIG. 1. Effects of current intensity and duration on the viability of
microorganisms in natural seawater. The detection limit was 10 CFU/
ml. Symbols: ⽧, 1.55 mA; 䊐, 10 mA; ‚, 50 mA; E, 100 mA; 〫, 500
mA; F, 1 A; ■, 2 A. The inocula contained 1.0 ⫻ 103 cells/ml. The
results shown are mean data from three experiments, and error bars
indicate standard deviations.
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FIG. 2. Effect of current intensity and duration on the viability of
microorganisms in seawater inoculated with V. parahaemolyticus. The
detection limit is 10 CFU/ml. Symbols: ⽧, 1.55 mA; 䊐, 10 mA; ‚, 50
mA; E, 100 mA; 〫, 500 mA; F, 1 A; ■, 2 A. The inocula contained 1.0
⫻ 104 cells/ml. The results shown are mean data from three experiments, and error bars indicate standard deviations.

5 ml of seawater, and the results shown are expressed as the
mean ⫾ the standard deviation. The voltage for these treatments was set to 12 V, and the current, in the range of 1.55 mA
to 2 A, was applied for 1.55 to 2,000 ms. Following electric
treatment, the treated seawater was spread on nutrient agar
(Difco) plates containing 3% NaCl and the plates were incubated at 37°C for 48 h. CFU counting determined the number
of viable microorganisms in the treated seawater. The detection limit of this procedure was 10 CFU/ml.
As shown in Fig. 1, the population of microorganisms in
natural seawater decreased proportionally to the current duration and intensity. Under these conditions, the seawater microflora was entirely inactivated within 1 s by all of the current
settings used. At a current of 1⬃2 A, it took at least 50 ms for
microorganisms to be fully inactivated. In the case of seawater
inoculated with V. parahaemolyticus, the sterilizing power was
diminished under the same conditions (Fig. 2). Even after 2 s
of treatment at current settings of 1.55, 10, and 50 mA, V.
parahaemolyticus in seawater was not completely inactivated.
However, at 0.5⬃2 A, all V. parahaemolyticus bacteria were
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inactivated within 100 ms. In this study, it was found that
electric current intensity and duration significantly affected the
inactivation of microorganisms in seawater. It seems that the
differences in duration and intensity between the two experimental conditions were due to the dissimilarity in the population and kind of microorganisms in untreated seawater. No
temperature change could be detected through the whole
range of experimental settings used, even at 2 A and 2 s (data
not shown). The impact of low-amperage electric current on
the viability of microorganisms in seawater was confirmed by
transmission electron microscopy (TEM) and scanning electron microscopy. Electron microscopic investigation of electrically treated microorganisms revealed substantial structural
damage at the cellular level and irreversible cell membrane
rupture at a number of locations with the apparent leakage of
intracellular contents (Fig. 3 and 4). Although these results
have significant implications, the underlying mechanisms of
microbial inactivation remain to be fully elucidated.
There is general agreement that very little is known about
what really occurs in the cell and its membranes at the molecular level. The mechanism of electric current activity may include disruption of bacterial membrane integrity or electrolysis
of molecules on the cell surface (10). Among several theoretical models, one model considers the membrane a viscoelastic
fluid so that the membrane may rupture because of electric
stress (6). When a voltage is applied, it increases the energy of
the membrane such that an increase in membrane pore size
takes place up to a transition to hydrophilic pores, where free
diffusion may occur (20). Another hypothesis is called dielectric breakdown (23). Because of the attraction of opposite
charges induced on the inner and outer surfaces of the cell
membrane, compression pressure occurs, resulting in a decrease in membrane thickness. When thinning of the membrane, which is considered a homogeneous solid, is too great,
an irreversible rupture take place. The most widely accepted
model is that of severe electroporation (i.e., the formation of
pores in cell membranes by the action of high-voltage electric
fields), where local instabilities in the membranes of treated
microorganisms are formed by electromechanical compression
and electrical field-induced tension due to the applied voltage

FIG. 3. TEM of untreated (A) and electrically treated (B) cells in seawater (magnification, ⫻57,000). The TEM results revealed clear changes
in the structural integrity of the cells. Cell membrane rupture and loss of intracellular contents are indicated by the arrows. These images are results
of seawater treatment with 12 V and 1 A for 1 s.
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FIG. 4. Scanning electron microscopy of untreated (A) and treated (B) cells in seawater (magnification, ⫻25,000). Arrows indicate some pores
on the membranes. These images are results of seawater treatment with 12 V and 1 A for 1 s.

(24). If critical electrical field strength is exceeded, the membrane is permeabilized by pore formation. This permeabilization can be reversible or irreversible, depending on the electrical field strength, treatment time, cell size, membrane
surface charge, cytoplasm, and suspending liquid medium (11).
It is generally thought that the critical membrane potential
induced by electric fields causes microbial inactivation and is
about 1 V. At this level, it is thought that the permeability of
the membrane increases such that cell death occurs (17).
The highly lethal effects observed in this study are applicable
only to specific conditions such as seawater because standard
seawater contains electrolytic materials at a level of more than
35,000 ppm (2). It has been suggested that the greater the
concentration of dissolved salts in the extracellular medium is,
the greater is the yield of electropermeated cells (14, 15).
Hence, this study has demonstrated much greater efficacy than
that of Guillou and El Murr under similar current and voltage
conditions (7). Because Guillou and El Murr used not bacteria
but the yeast Saccharomyces cerevisiae and not seawater but
phosphate buffer, the type of cellular membrane and the
amount of electrolytic materials probably caused the difference
in sterilizing power. Consequently, this method is distinct from
other methods because it produces lethal effects on bacteria in
seawater with a low-amperage electric current within a few
seconds. Therefore, this low-amperage electric treatment,
which prevents the infection of seafood and resolves the resistance problem arising from the use of antibiotics, can be utilized in practical industrial applications as well.
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