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Abstract

The exposure to a static magnetic field of 80"20 Gauss(8"2 mT) resulted in the inhibition ofSerratia marcescens
growth. Callus cell suspensions fromHordeum vulgare andRubus fruticosus were also examined and only the former
was found to be affected by the magnetic field, which induced a decreased viability.S. marcescens was shown to be
virulent only towardH. vulgare and this virulence was reduced by the presence of the magnetic field. The modification
of glutathione peroxidase activity under the different experimental conditions allowed us to speculate on the possibility
of an oxidative-stress response ofH. vulgare both to S. marcescens infection and magnetic field exposure. Since the
control of microbial growth by physical agents is of interest for agriculture, medicine and food sciences, the investigation
presented herein could serve as a starting point for future studies on the efficacy of static magnetic field as low-costy
easy-handling preservative agent.� 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

The control of microbial growth is necessary in
many practical situations and significant advantag-
es have been obtained in agriculture, medicine and
food science by investigating this area of micro-
biology. This control usually involves the use of
chemical or physical agents, which either kill
microorganisms(cidal agents) or prevent their
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growth (static agents). Many chemical anti-micro-
bial agents are able to kill or inhibit microbial
growth (Kramer, 1992). Among them, preserva-¨
tives are of significant importance in food, where
static agents are used to inhibit the growth of
microorganisms in that they are non-toxic. None-
theless, physical agents(e.g. low temperature,
freezing, drying and irradiation by short electro-
magnetic waves) should be preferred, when pos-
sible, to avoid the direct addition of substances
potentially harmful for public health. On the other
hand, if food of plant origin is taken into account,
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it must be considered that the soil contains a wide
variety of life forms(including bacteria, fungi and
nematodes) which can interact with plants. The
relationships among these organisms living in the
soil are complex, some being antagonistic and
others being mutually beneficial. Indeed, one
approach to the biocontrol of fungal and nematode
pathogens is based on the disruption of chitin,
which is widely present in the cell walls of fungi
and in the outer covering of nematodes, by chiti-
nase produced by certain naturally occuring bac-
teria and fungi(Nuero, 1995; Yun et al., 1996;
Hollis et al., 1997).
The international debate on the problem of the

possible biological effects of electromagnetic
fields, in which we were involved in the past
(Dacha et al., 1993; Piacentini et al., 2001), led`
us to test the possibility that such fields could be
used as low-cost and easy-handling agents with
which to inhibit microbial growth on plant tissues.
Accordingly, we designed an experimental model
in which the bacillus bacteriaSerratia marcescens
was added to callus cells fromHordeum vulgare
L. (barley) and Rubus fruticosus L. (blackberry)
in the absence or presence of an 80"20 Gauss
(8"2 mT) static magnetic field(MF). The choice
of S. marcescens was due to the fact that it has
been found to be the most widely present member
of the Enterobacteriaceae family in fresh horticul-
tural products.H. vulgare and R. fruticosus were
chosen because they represent two completely
different plants of agricultural interest(the former
is an annual herbaceous plant, while the latter is a
perennial shrub). The results of the experiments
allowed us to speculate on the possibility of an
oxidative-stress response ofH. vulgare both to S.
marcescens infection and MF exposure.

2. Materials and methods

2.1. Isolation and growth of bacteria

S. marcescens was isolated fromYucca elephan-
tipes (fam. Agavaccae) and identified using an
API 20E system(Bio-Merieux, France). Bacterial
cells were then grown for 18 h at 278C after
inoculation in 20 ml of TSB(Triptone Soy Broth,
Oxoid, UK). The concentration of cells was adjust-
ed to 10 per ml by counting using a Thoma3

chamber. TheS. marcescens culture was monitored

every 6 h over a 24-h period to estimate the
growth time course.

2.2. Plant cell culture and incubation preparations

Fifty caryopses ofH. vulgare were placed in
200 ml of distilled water plus 1 ml of Tween 20
and stirred for 30 min. The caryopses were then
washed with distilled water and sterilized with
90% ethyl alcohol for 30 s and with 2.5%(vyv)
sodium hypochlorite under vacuum for 30 min.
The caryopses were then rinsed three times with
distilled water, dried with sterile filter paper and
plated in batches of nine in Petri dishes(9 cm
diameter) containing 20 ml of MS(Murashige and
Skoag) medium pH 5.8(the pH was adjusted
before adding agar) supplemented with 4.5 mM
2,4-dichlorophenoxacetic acid(2,4-D), 20 gyl
sucrose and 0.8%(wyv) agar. All cultures were
incubated at 25"2 8C under a light intensity of
50 mmol m s from cool, white fluorescenty2 y1

lamps under an 8-h photoperiod. After three weeks,
calli obtained from caryopses in the micropilar
zone were excised and placed in the same fresh
medium under the same conditions. Every 4 weeks
calli were subcultured and multiplied in the same
medium. In a typical experiment, 2.5 g of calli
were suspended in 50 ml of MS medium and
incubated at 258C in an orbital shaker at 115 rpm
for 24 and 48 h in the absence or in the presence
of a loop of bacteria(10 cellsyml) from a 24-h-3

old culture.
Young stems ofR. fruticosus were sterilized in

70% ethanol for 3 min, then immersed in 5%
sodium hypochlorite for 15 min before being
washed 3 times with distilled sterile water. The 5
mm-long explants were plated in Petri dishes on
KM (Kao and Michayluk) medium pH 5.6 supple-
mented with 72 gyl of anhydrous glucose, 2 mgy
l of a-naphthalenacetic acid(NAA) and 0.4 mgyl
N benzyladenine(BA), as reported by Mezzetti6

et al. (Mezzetti et al., 1997) and incubated in a
control chamber at 25"2 8C in the dark. When
calli had completely formed(after 4 weeks) they
were excised from explants and plated in the same
fresh medium under the same conditions; subcul-
tures were carried out every 30 days. In a typical
experiment 2.5 g of calli were suspended in 50 ml
of KM medium and incubated at 258C in an
orbital shaker at 115 rpm for 24 and 48 h in the
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Fig. 1. MF exposure system. The orbital shaker does not inter-
fere with the applied magnetic field.

absence or presence of a loop of bacteria(103

cellsyml) from a 24-h-old culture.

2.3. Magnetic field application

MFs were produced by metal magnetic disks of
known intensities, placed under the cone-shaped
flasks containing each sample(Fig. 1). Field
magnitude and homogeneity of 8"2 mT (80"20
G) were checked by means of a gaussmeter(Hall-
effect gaussmeter, GM04 Hirst Magnetic Instru-
ments Ltd, UK). The choice of the intensity of the
static MF used in our experiments was made
according to the report by(Fanelli et al., 1999) in
which this intensity was indicated by the authors
as the minimum intensity necessary to induce
effects on their animal cell model. For this type of
exposure, no shielding against the natural varia-
tions of terrestrial MFs was required, their values
(ranging at approx. 0.075 mT, 0.75 G) being
negligible with respect to the MF intensities
applied. Simultaneous experiments by omitting the
magnet were performed as controls(sham).

2.4. Microscopic observations

Observations were made using a phase-contrast
microscope coupled with a Hamamatsu 5985 cam-
era. The images were acquired and visualized by
a Macintosh computer. The same microscope mag-
nification (=200) was used for both plant cell
types.

2.5. Analysis of viable cells

Cell viability was assessed by a staining tech-
nique involving the addition of 3 ml of a stock
solution of fluorescein(5 mg of fluorescein diace-
tate in 1 ml of acetone) to 1 ml of cell suspension.
The samples were left at room temperature for 10
min in the dark and examined at 490 nm.

2.6. Enzyme and protein determinations

Ten ml of cell suspension were spun down and
washed twice with 10 mM NaH PO , 10 mM2 4

Na HPO , pH 7.2(PBS). The cell pellet was then2 4

resuspended in 1 ml(final volume) of 50 mM
NaH PO , 50 mM Na HPO , 50 mM NaCl, pH2 4 2 4

6.5 and lysed by sonic disruption(30 s in a Heat
Systems Model 350 sonicator, Plainview, NY).
Protein content of the lysate preparation was deter-
mined by the method of(Bradford, 1976), using
bovine serum albumin as standard. Glutathione
peroxidase(GSH-Px) activity was measured spec-
trophotometrically as reported by(Beutler, 1975).
Control experiments were conducted to verify that
bacterial contamination did not affect plant cell
enzyme and protein determinations(data not
shown).

2.7. Chemicals

All chemicals were of analytical grade. Solvents
and reagents were from Sigma(USA).

3. Results

3.1. Virulence of S. marcescens toward H. vulgare
and R. fruticosus callus cell suspensions

On the basis ofS. marcescens growth time
course(not shown), H. vulgare andR. fruticosus
callus cells were incubated withS. marcescens for
24 and 48 h to evaluate bacteria virulence to the
plant cells. As shown in Table 1, whenS. marces-
cens cells were added toH. vulgare cell suspen-
sions the number of bacterial cells in suspension
in the medium decreased(Table 1, a vs. g),
suggesting the presence of an interaction between
the two cell types. The microscopic observation
confirmed that an adhesion occurs between the
two cell types(Fig. 2a, 1 vs. 2) and it appears to
be virulent since a number of dead plant cells were
also observed.
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The effects ofS. marcescens infection on plant
cell suspensions were further investigated by deter-
mining cell number and viability, protein concen-
tration and GSH-Px activity. As shown in Table 1
(b vs. g), in the presence ofS. marcescens, H.
vulgare cell number and viability, protein concen-
tration and GSH-Px activity all decreased as com-
pared to control values. None of the effects
reported above forH. vulgare were observed when
R. fruticosus cells were incubated withS. marces-
cens (Table 1, a vs. h, c vs. h and Fig. 2b, 1 vs.
2). Note that the microscopic observation per-
formed with the same magnification on both plant
cell types allowed a better detection of the presence
of shrunkenH. vulgare cells.

3.2. Effects of magnetic fields

When S. marcescens cells were grown in the
absence and in the presence of an 80"20 Gauss
(8"2 mT) static MF, a decrease in the number of
cells was observed at 24 and 48 h of incubation
in comparison with control(Table 1, a vs. d).
Exposure ofH. vulgare callus cells to MF induced
a decrease in cell number and viability, a reduction
in protein concentration and an increase in GSH-
Px enzyme activity(Table 1, b vs. e). Microscopic
observation revealed that many cells were severely
damaged and remnant of cells were observed(Fig.
2a, 1 vs. 3). On the contrary, exposure ofR.
fruticosus callus cells to MF did not induce signif-

icant variations in the parameters evaluated(Table
1, c vs. f, and Fig. 2b, 1 vs. 3).
The effect of MF on the virulence ofS. marces-

cens toward the plant cell suspensions was also
evaluated. As far as bacterial growth is concerned,
we still observed a decreased growth in the pres-
ence of MF, butH. vulgare cells, which responded
to MF with a decrease in cell number and viability,
and protein concentration, showed a recovery of
these parameters upon the addition ofS. marces-
cens. Only GSH-Px activity remained unaffected
(Table 1, g vs. i). Microscopic observation showed
that H. vulgare cells undergoing simultaneous
exposure to MF andS. marcescens, appeared to
be healthier than cells which were subjected to
separate exposures to the two agents(Fig. 2a, 2
vs. 4; Table 1, i vs. g, Cell number and Cell
viability columns).
As expected,R. fruticosus cells which were not

infected by S. marcescens did not change their
behavior even when exposure to MF was super-
imposed(Fig. 2b, 2 vs. 4).
Pretreatment with MF for 24 and 48 h affected

neither the subsequent growth ofS. marcescens
nor its virulence vs.H. vulgare callus cells(data
not shown).

4. Discussion

While continuing our investigations on the prob-
lem of the possible biological effects of electro-
magnetic fields(Dacha et al., 1993; Piacentini et`
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Fig. 2. Optical microscopy ofH. vulgare (a) andR. fruticosus (b) callus cell suspensions.(1) Controls.(2) Infected withS. marcescens.
(3) Exposed to magnetic field.(4) Infected withS. marcescens and exposed to magnetic field. Cells were photographed at the same
magnification(=200).
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al., 2001), in the present study we examined the
effects of 80"20 Gauss(8"2 mT) static MFs on
S. marcescens growth and the possible interaction
of this bacterium with bothH. vulgare and R.
fruticosus callus cell suspensions.
The results of our experiments indicated that

when the cells were separately submitted to MF,
S. marcescens growth was inhibited andH. vulgare
cell viability was diminished, whileR. fruticosus
was unaffected. It should be underlined that inH.
vulgare the GSH-Px activity was significantly
enhanced after 24 h of MF exposure, an effect
observed by(Churin et al., 1999) in biotically and
environmentally stressedH. vulgare leaves.
WhenSerratia was added to plant cells onlyH.

vulgare was subsequently found to be infected.
This result likely depends on the presence of
lectins on theH. vulgare cell surface(Partridge et
al., 1976; Cammue et al., 1985) which seem to be
more specific forSerratia polysaccharides than are
R. fruticosus lectins (Lienart et al., 1991). These
proteins can bindN-acetylglucosamine-containing
carbohydrates on the surface ofS. marcescens, as
supported by our microscopic observations. On the
other hand, the addition of 500mM N-acetylglu-
cosamine to the medium hindered the adhesion
between the two cell types(data not shown). In
H. vulgare, cell number and viability as well as
protein concentration, strongly decreased while
GSH-Px activity was enhanced, confirming that
the plant was under attack by the pathogen.
The exposure ofH. vulgare cells to MF during

S. marcescens infection produced a recovery of all
the parameters evaluated in comparison with the
parameters measured after MF exposure or bacte-
rial infection alone. A partial explanation of the
above results may be found by considering that an
increase in reactive oxygen species(ROS) has
been reported to be an early defense strategy used
by plants to combat infection by pathogens
(Wojtaszek, 1997) and that the increase in GSH-
Px activity is a cellular response to protect itself
from oxidative damage. On the other hand, Reiter
(1997) suggested that EMF may prolong ROS
half-life thus increasing their toxicity. Thus, the
partial protection ofS. marcescens-infected H.
vulgare cells by MF exposure may be explained
by a greater utilization of ROS which interfere
with the bacterial growth(bacteriostatic effect)
and a decrease in the negative effect on the growth
and multiplication of plant cells.

With regard to our original goal of testing the
possibility of using MFs to inhibit microbial
growth on plant tissues, the results presented in
this study show that this can be done only when
the sole pathogen is MF-sensitive and the plant is
not. Our observation that MF affected onlyH.
vulgare and notR. fruticosus may reflect a pro-
found difference between the metabolisms of the
two plant species. As a result, it will be necessary
to continue investigations on pathogenyplant pairs
of agricultural and nutritional interest and to test
the efficacy of these low-costyeasy-handling pre-
servative agents.
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