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Abstract

A recently marketed electrolytic water treatment system (Hoshizaki) was evaluated for

disinfection of seawater used in disease-prone high-intensity aquaculture systems. Bacterial plate

counts (CFU), direct bacterial total counts using 4V,6V diamidino-2-phenylindole (DAPI) staining,

and viable bacterial total counts using 6-carboxy fluorescein diacetate (6CFDA) showed complete

inactivation of bacterial populations at an intensity of z 1.3 amp (z 2.13 mg Cl l� 1). This included

disinfection of seawater experimentally dosed with the known scallop pathogen Vibrio anguillarum.

Experimental use of electrolysis between 1.0 and 4.0 A was able to disinfect cultures of the (food)

microalga Isochrysis galbana without deleterious effects on its growth rate. When this technique was

applied on a commercial scale in a scallop hatchery, higher microalgal growth rates were achieved

compared to those of traditionally autoclaved seawater, or seawater treated with germicidal

ultraviolet light (UV). Results suggested that disinfection of hatchery culture waters could be

achieved using electrolytic release of very low levels of active Cl� ion, providing an effective and

economically attractive alternative to currently used methods in these culture systems. D 2002

Elsevier Science B.V. All rights reserved.
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1. Introduction

Water quality is an important factor in the production process and expansion of

intensive aquaculture systems (Bullock et al., 1997; Summerfelt et al., 1997; Singh et
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al., 1999). Current methods for the disinfection of seawater, which reduce bacterial

loading in water supplies and/or avoid blooms of potentially pathogenic microorgan-

isms, include treatments with antibiotics, ozone, filtration, heat, and UV irradiation

(Whipple and Rohovec, 1994; Pascho et al., 1995; Chang et al., 1998; Liltved and

Cripps, 1999; Munro et al., 1999; Frerichs et al., 2000). However, each of these

treatments has specific disadvantages such as high cost, need for sophisticated equip-

ment, production of toxic residues for the cultured organisms, or the appearance of

resistant microorganism strains (Liltved et al., 1995; Bullock et al., 1997; Reilly and

Käferstein, 1997).

Chlorine has a high efficiency as a disinfectant, and is readily availability at low cost,

and in its various forms has been widely used for microbiological control in seawater and

for surface sanitation in some intensive aquaculture facilities (White, 1992; Pascho et al.,

1995). Laboratory and field studies have demonstrated the high biocidal efficiency of

chlorine against viruses and bacterial pathogens (Sako et al., 1988; Inouye et al., 1990;

Frerichs, 1990; Pascho et al., 1995; Arimoto et al., 1996; Chang et al., 1998). At

allowable levels, chlorine does not affect flora or fauna. If an excess amount of chlorine

is released by accident into aquatic environments, it may harm aquatic plants and animals

until it is diluted to a harmless level (Anonymous, 1999). Some studies suggest that

reactions between chlorine and organic nitrogen in water may produce residues which are

toxic for marine organisms (Capuzzo, 1977; Breisch et al., 1984; Stauber, 1998;

Rajagopal et al., 1997).

Electrolytic methods, studied in recent decades in the US, Japan and Russia, have

shown promise as a method of disinfection whereby low levels of free chlorine, sodium

hypochlorite, or hypochlorous acid may be produced in situ in NaCl-containing

solutions. These methods have shown promise in destruction of microorganisms in

medical and dental environments, and in the food industry (Nikulin, 1977; Wilk et al.,

1987; Iwasawa and Nakamura, 1996; Tanaka et al., 1999; Kim et al., 2000). Similarly,

electrolytic disinfection of seawater may be beneficial in fish culture, increasing survival

and also the numbers of fishes which may be maintained in given volumes of water. It

has also been able to reduce the need for (and thus costs) of antibiotics, as well as

reducing costs of maintenance of pumping systems (Anonymous, 2000). Other studies

have described reductions of over 99% in microalgae, bacteria, and viruses in water by

means of electrolytic processes (Tsuzuki et al., 1999; Yoshimizu et al., 1998). The

objective of the present study was to evaluate the effects of electrolysis on bacterial

loading in seawater used in intensive aquaculture systems (hatcheries), and in the

possible prophylactic use of this method in massive cultures of microalgae used for

feeding cultured marine organisms.

2. Materials and methods

2.1. Effect of electrolysis on bacterial content of seawater

Seawater filtered to 10 Am (sand filter, Jacuzzi) was submitted to electrolysis using a

prototype seawater electrolyzer with a nonmembrane electrolytic cell from Hoshizaki
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Electric (Japan). This equipment was designed to dissociate the NaCl molecule in

seawater to liberate hypochlorite ion (OCl � ) and a sodium ion (Na+). Disinfection

treatments included: (i) passing the seawater through the electrolyzer at a rate of 4 l

min� 1 at 11 different current intensities, increasing between 0.1 and 2.0 A (1.9–2.1 V);

and ii) passing the seawater through an UV irradiation system (Rainbow Lifegard, USA;

40 W) at a constant flow rate of 4 l min� 1. Control observations were made on parallel

water samples which had not been exposed to either treatment. Free chlorine in waters

that passed through the electrolyzer was analyzed by an ion-specific meter (free and total

chlorine)(Hanna Instrument USA, Model HI93734), pH by an pH-meter Orion Model

410A, and salinity by a Hand Refractometer (Atago, Model S/Mill).

2.1.1. Bacteriological evaluations

Treated and control seawater samples were seeded onto tryptone soy agar supple-

mented with 2% NaCl (TSA2, Oxoid) using standard culture methodology to

enumerate culturable heterotrophic bacteria, which were recorded as colony forming

units (CFU). Direct counts of total bacteria (DTC) and direct counts of viable bacteria

(DVC) were carried out on: (i) water subjected to electrolytic treatments at 0.3, 1.3,

and 2.0 A; (ii) UV irradiation-treated water, and (iii) an untreated control water. DTC

was carried out using the DNA-specific fluorochrome DAPI which is excited under

UV light and DVC was carried out using a modification of the 6CFDA staining

methods described by Yamaguchi et al. (1997). The fluorescein diacetate (FDA)

contained in 6CFDA compound is normally a nonfluorescent, nonpolar compound

that readily penetrates cell membranes. Intracellular FDA is hydrolyzed by nonspecific

esterases, if present and active, resulting in the release of fluorescein, which fluoresces

brilliant green when irradiated with blue light. 6CFDA is a modification of FDA

allows better cell retention, and thus stains a wider variety of bacteria. 6CFDA was

chosen for the detection of esterase active bacteria in this study. Water samples (0.8

ml) were mixed with 0.4 ml CFDA buffer (0.3 M phosphate buffer pH 8.5; 1.5 mM

EDTA). Subsequently, a stock solution of 6CFDA (Sigma; 10 mg ml� 1 in acetone)

and DAPI (Sigma; 10 Ag ml � 1) were applied to the samples to give a final

concentration of 150 Ag ml � 1 (6CFDA) and 1 Ag ml� 1 (DAPI). The samples were

incubated for 30 min at ambient temperature in the dark, and then the cells were

filtered off onto black polycarbonate filters (Poretics Products; 0.2-Am porosity). The

filters were placed on microscope slides and the stained bacteria were enumerated

under UV light (DAPI) and blue light (6CFDA) excitation by epifluorescence micro-

scopy using Olympus BH-2 microscope.

2.2. Effect of electrolysis on seawater dosed with the pathogen Vibrio anguillarum

This experiment was carried out using a pure culture of the scallop pathogen V.

anguillarum (Riquelme et al., 1995). Cells obtained from an overnight culture on

TSA2 medium were resuspended in nine-salts solution (Malmcrona-Friberg et al.,

1990), counted using simple crystal-violet staining (Gerhardt et al., 1994) and

inoculated into polyethylene bags containing 600 l of 10 Am-filtered seawater at a

final density of 1.5� 105 cells ml� 1. Immediately after inoculation, water containing
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the pathogen was passed through the electrolytic disinfection device at a constant flow

of 4 l min� 1 and a current intensity of 1.3 A (2.1 V). Counts of CFU were made as

described above on TSA2 medium, and also thiosulfate–citrate–bile salts–sucrose agar

(TCBS, selective medium for vibrios genus). DTC and DVC were also carried out as

described above.

2.3. Use of electrolysis-treated seawater in microalgal cultures

Water samples submitted to electrolysis at 1.0, 1.5, 2.0, 2.5, 3.0, and 4.0 A were

collected in 250-ml glass bottles (Schott-Duran). Free chlorine measured in these waters

was neutralized by the addition of sodium thiosulfate at a ratio of 5 mol thiosulfate for

every 8 mol NaOCl in the water. Following neutralization, the seawater was filtered

through 0.2-Am cellulose nitrate filters (Micro Filtration Systems), and aliquots of 100

ml were distributed into sterile 250-ml Erlenmeyer flasks.

The flasks were enriched with sterile Fritz f/2 algae food (Aquaculture Massachu-

setts, USA) and inoculated with axenic log-phase cultures of the microalga Isochrysis

galbana (CCMP 1323) at 4� 105 cells ml� 1. Control cultures were carried out in

autoclaved seawater containing the same nutrients as the treatments. Algal densities

were determined for experimental and control flasks by quantitative cell counting in a

Neubauer chamber every 24 h post-inoculation for a period of 6 days. Microalgal

growth rates were calculated using the Guillard method (Stein, 1979). Results of

determination of microalgae growth rates among treatments were compared by

analysis of variance (P= 0.05) using Statgraphics software (version 2.1 for Windows,

Statistical Graphics). Also, comparative factors which might demonstrate significant

differences between treated and untreated water were evaluated using a multiple range

comparison least significant differences (LSD) test. Bacteriological analyses included

DTC by means of DAPI (Porter and Feig, 1980) and CFU counts on TSA2 at 0 and

144 h.

This experiment was carried out twice, and in each instance, each treatment was

replicated fivefold. Controls consisting of microalgal cultures with electrolytically

treated seawater and omission of the neutralization step were not carried out, as

preliminary testing showed poor growth of the microalgae under these conditions.

2.4. Use of electrolytically treated seawater in commercial-scale microalgal culture

This step was carried out within the algal culture unit of the scallop hatchery of

Cultivos Marinos Internacionales (27j45VS). The microalga utilized was clone TISO

(nonaxenic) of I. galbana (CCMP 1324) which is routinely used in feeding protocols

in the culture of larval Argopecten purpuratus. Seawater used in mass algae cultures

was subjected to three different treatments for comparative evaluation of disinfection of

the culture water and effect on growth of the microalgae. Seawater treatments included

: (i) electrolysis of the water at 4.0 A, followed by thiosulfate neutralization as

described above. Water was enriched using a sterile solution of Fritz f/2 algae culture

nutrients as described in the previous section; (ii) UV irradiation of seawater and

addition of sterile Fritz f/2 algae nutrients; (iii) autoclaving of seawater to which had
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previously been added the Fritz f/2 algae nutrients. All treatments were replicated

fourfold in 20-l polycarbonate algae culture bottles (Van Leer) containing 18 l of 1

Am-filtered seawater from each of the three treatments. The culture bottles were

inoculated with log-phase TISO to give starter concentrations in the bottles of

1.5� 105 cells ml� 1. Counts of microalgal density were carried out on all bottles

of all replicates on the 4th day of culture prior to their use in the feeding of larval

scallops.

Fig. 1. Counts of culturable bacterial heterotrophs on TSA2 medium from seawater treated with different

electrolytic intensities.

Table 1

Bacterial counts in incoming seawater at the shellfish hatchery of Antofagasta University

Treatments Total cellsa

(cells ml� 1)

Active cellsb

(cells ml� 1)

Percentage of active

bacteria (%)

Control 3.96� 105 3.12� 104 7.88

UV 2.83� 105 3.52� 104 12.46

0.3 A 2.16� 105 ND ND

1.3 A 1.90� 103 ND ND

2.0 A 3.26� 102 ND ND

Control = untreated seawater; UV= ultraviolet irradiated seawater; A= ampere intensity of electrolytic treatment

of seawater; ND= not detected.
a Total direct count with DAPI.
b Direct count of active bacteria with 6CFDA.
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Calculation of algal growth rates in the bottles and statistical comparisons of results

were carried out as described for laboratory cultures in the previous section.

3. Results

The values for free chlorine in electrolytically treated seawater ranged from 0.39 to 2.13

mg Cl � l � 1 (0.3 and 1.3 A), and 2.95 to 6.5 mg Cl � 1 l� 1(1.5 and 2.0 A). The pH

remained between 8.24 and 8.27 and salinity between 34xand 35x, showing no

apparent fluctuations.

A mean reduction of 3.43 log10 CFU ml� 1 (99.4% inactivation, Fig. 1) in counts of

culturable bacteria was obtained in seawater treated with electrolytic current intensities

between 0.2 and 1.2 A. Complete inactivation was obtained at intensities equal to or

Fig. 2. Counts of culturable bacterial heterotrophs (TSA2) and culturable vibrios (TCBS) in seawater

experimentally dosed with V. anguillarum. Control = seawater without pathogen; A= pathogen-dosed seawater,

prior to electrolytic treatment; EL= pathogen-dosed seawater after electrolytic treatment.

Table 2

Bacterial counts in seawater experimentally dosed with V. anguillarum and treated by electrolysis

Treatments Total cells

(cells ml� 1)

Active cells

(cells ml� 1)

Percentage of active

bacteria (%)

Control 6.25� 105 5.79� 104 9.26

A 9.30� 105 1.03� 105 11.08

B 4.92� 103 ND ND

Control = seawater without addition of bacteria; A= bacterially dosed seawater; B = bacterially dosed seawater,

electrolytically treated; ND= not detected.
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greater than 1.3 A. Irradiation with UV produced a CFU reduction of 93.6% (3.4 log10
CFU ml� 1). Electrolytic treatment of seawater at 0.3, 1.3, and 2.0 A produced complete

absence of physiologically active bacteria in DVC determinations, whereas 7–12% of

Fig. 3. Growth of the microalga I. galbana (CCMP 1323) in seawater treated at different electrolytic intensities

then neutralized with sodium thiosulfate. Bar = standard error.

Fig. 4. Growth rates of I. galbana TISO (CCMP 1324) in mass culture. Control = autoclaved seawater; U.V. =UV-

irradiated seawater; EL= seawater treated by electrolysis at 4.0 A, and then neutralized with sodium thiosulfate.

Bar = standard error.
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the total bacterial population remained active in control and UV treated waters (Table 1).

Also, it is important to indicate that bacteriolysis began to be observed at intensities

z 1.3 A, and became highly significant (P > 0.05) at an intensity of 2.0 A.

Bactericidal effects of electrolysis similar to the preceding ones were observed in assays

of seawater dosed with V. anguillarum. Counts of culturable bacteria were reduced

significantly (P>0.05) by 4.44 log10 CFU ml � 1 on TSA2 and 3.63 log10 CFU ml� 1

on TCBS when treated with 1.3 A (Fig. 2). After electrolytic treatment, the DVC

determinations showed complete bacterial inactivation (Table 2).

Fig. 3 shows that electrolytically treated, neutralized seawater had no deleterious effect

on the growth of the microalga I. galbana. Statistical analyses among electrolytic

treatments showed no significant differences (P < 0.05) between microalgal growth in

treated and control groups. The axenic condition of these cultures was not altered during

these experiments, as confirmed by bacterial culture and direct observational methods.

Mass cultures of I. galbana TISO showed significantly higher growth rates (P>0.05) in

seawater subjected to electrolytic treatment when compared with growth in UV-irradiated

and autoclaved seawater (Fig. 4).

4. Discussion

Bactericidal electrochemical treatment has been proposed for a variety of applica-

tions, including: (i) destruction of microorganisms in medical/dental environments; (ii)

disinfection of human water supplies; (iii) sanitization in public facilities such as

restaurants and toilets; (iv) agronomy; (v) aquaculture; and (vi) horticulture (Matsunaga

et al., 1992; Pol et al., 2000; Frerichs et al., 2000; Anonymous, 2000). Diverse studies

have described bactericidal and cytotoxic properties of electrolyzed solutions (Tanaka

et al., 1999; Okubo et al., 1999; Len et al., 2000), with inactivation of bacterial and

viral pathogens such as Escherichia coli, Staphylococcus aureus, S. epidermidis,

Pseudomonas aeruginosa, Salmonella enteriditis, Listeria monocytogenes, hepatitis B

virus (HBV) and acquired immunodeficiency virus (HIV)(Iwasawa and Nakamura,

1996; Horiba et al., 1999; Venkitanarayanan et al., 1999; Kim et al., 2000; Morita et

al., 2000). Results of the present study showed the effective action of electrolysis for

reducing seawater bacterial counts to undetectable levels of both natural populations

and artificially produced populations of the pathogen V. anguillarum. Studies on the

disinfection of seawater by electrolysis have shown mortality of greater than 99.9% of

V. anguillarum, Aeromonas salmonicida, etiologic agents of vibriosis, and furunculosis

in fishes using treatments of 0.1 mg Cl � l � 1 at 0.1 A; yellowtail ascites virus and

hirame rhadovirus (HIRRV) have been reduced >99.9% with treatments of 0.58 mg

Cl � l � 1 (Yoshimizu et al., 1998). In the cited study, treatments of 1.0 to 1.3 mg Cl �

l� 1 at 2 to 2.5 A reduced bacterial counts in entering and exiting hatchery seawater by

greater than 99.99%. This effectiveness observed over a wide range of microorganisms

was supported by the observations of Wilk et al. (1987), who indicated that electro-

lytically treated solutions could be much more effective against microorganisms than

comparable solutions produced by the addition of sodium hypochlorite. The high

percentage of microorganism cells damaged by electrolytic treatments of above 2.0 A

M.A. Jorquera et al. / Aquaculture 207 (2002) 213–224220



may be due to the liberation of hypochlorite ion (OCl � ), which is a powerful

oxidizing agent that may attack cell walls and damage membrane functions (Beer,

2000; Keith, 2000).

Although chloration treatment of seawater is known to produce significant toxic

effects on microalgae such as Nitszchia closterium, Dunaliella tertiolecta, and Micro-

cystsis sp. (Stauber, 1998; Tsuzuki et al., 1999), neutralization of hypochlorite ion using

sodium thiosulfate allowed the growth of I. galbana with no negative effects. This

species of microalga is one of the main food sources used in the culture of larval marine

invertebrates (Albentosa et al., 1996; Reitan et al., 1998; Fidalgo et al., 1998). Since

food cultures are a serious source of contamination in culture systems (Elston, 1989),

control of bacterial numbers and types in these systems is of prime importance.

As mentioned in the Introduction, several methods of water treatment have been

available for reducing bacterial loading in culture systems, among which ozonization

and UV irradiation may be effective in the control and prevention of microbial

infections in cultures (Sugita et al., 1992; Liltved et al., 1995; Bullock et al., 1997;

Chang et al., 1998). However, several studies have shown the presence in seawater of

residues which are products of high doses of ozone and are toxic for fish and bivalves.

Certain systems have been proposed for removing ozone from the water prior to use in

culture tanks (DeManche et al., 1975; Wedemeyer et al., 1979; Bullock et al. 1997).

Although UV irradiation may produce residual peroxides which may irritate some

marine larvae, technical difficulties encountered in the use of this method are more

important. Severe reduction in the efficiency of UV systems may occur due to turbidity

of the water which protects microorganisms from the UV by particle shading. Glass

interfaces between the UV source and the treated water may accumulate films of

organic and inorganic matter which may significantly reduce the efficiency of UV

systems. Since UV systems require regular cleaning, prefiltration of water to 1 Am, and

extension of exposure time of the water to achieve their best effectiveness, they may not

be very effective against viral infections, are less efficient in treating large volumes of

water, and may involve higher costs of maintenance relative to other methods

(Blogoslawski and Stewart, 1983; Liltved et al., 1995; Chang et al., 1998; Frerichs et

al., 2000). Yoshimizu et al. (1998) suggested that electrolytic treatment in the

disinfection of seawater was as efficient as that of ozonization and UV treatment, but

had the advantage of being able to disinfect larger volumes of hatchery effluents

compared with the other two methods.

5. Conclusions

Electrolytic treatment of seawater at >1.3 A (>2.13 mg Cl � l � 1) produced

inactivation of bacterial populations to undetectable levels. Similar observations were

obtained when using the same electrolytic current intensity (1.3 A) to treat seawater

experimentally dosed with the pathogen V. anguillarum.

Mass cultures of I. galbana TISO showed better growth in electrolytic-treated

seawater (after thiosulfate neutralization of Cl � ) than in autoclaved or UV-irradiated

seawater.
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Results obtained suggested the feasibility of seawater electrolysis as an efficient and

comparatively low-cost alternative method for the control of opportunistic pathogens

both in hatchery culture systems and for massive culture of microalgae.
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