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ABSTRACT

Two auxotrophic strains of Escherichia coli K12 were 

allowed to conjugate while exposed to a constant, homogenous 

magnetic field and in the absence of a magnetic field. Statistical 

analysis indicated a significant inhibition of bacterial conjugation 

by the magnetic field, with each exposed culture averaging 26% 

inhibition.
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INTRODUCTION

Conjugation is a form of genetic exchange employed by some 

bacteria. This process is known to involve (1) the formation 

of a proteinaceous pilus between the (+) and (-) cells; (2) the 

replication of the Hfr chromosome; and (3) the subsequent partial 

or total transfer of that replica through the pilus.

Magnetic fields are known to have many varied effects upon 

biological systems. The locus of this interaction must be in the 

biochemical molecules themselves and result from their diamagnetic, 

paramagnetic and/or ferromagnetic structure.

This paper is concerned with the effects of a homogenous 

magnetic field upon bacterial conjugation. Several essential 

chemical processes for conjugation, such as replication of the 

cellular genome and the synthesis and assembly of proteins, pro

ceed by enzymatic mechanisms common in principle to all other 

cells. This biomagnetic study on bacterial conjugation rates 

correlates with and corroborates what is already known about 

magnetic fields and physiological processes.
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LITERATURE REVIEW

An initial description of the term magnetic field and a 

following discussion of its mode of action on physical entities 

is essential for an understanding of the biological effects of 

magnetic fields.

The magnetic field is that region surrounding a magnetized 

body which is capable of inducing magnetism in otner bodies. The 

magnetized body must have two poles which are equal and opposite 

in strength. It is impossible to isolate a single magnetic pole.

Faraday presented the earliest concept of a magnetic field 

in terms of magnetic flux lines emanating from magnetic poles.

A unit field is defined as one in which the flux density (B) is 

1 line/cm^. This unit field is called the gauss (G) in the cgs-emu 

system.

Another important term is field intensity (H), which stands 

for a magnetizing field or a magnetizing force. One line of force 

penetrating every square centimeter represents a magnetic field 

of unit intensity or one Oersted (Oe) strength.

The terms 3 and H are not the same, since 3 denotes the magnetic 

field induced in any region by the magnetizing force H. The flux 

density 3 resulting from the inducing field H depends on the 

permeability Qu) of the material in which the field is induced 

(B =>iH). In a vacuum (and for all practical purposes in air), 

where yi = 1, the magnetic induction measured in gauss is numerically
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equal to the field strength measured in oersteds. A force of one 

dyne (10”^ N or 10“'’ Kg-m-sec"^) is exerted by a field of one 

oersted strength upon a unit pole (Barnothy, 196Ua, Tipler, 1976).

Two different types of magnetic fields are commonly used in 

biomagnetic studiesj homogenous and heterogeneous fields. Experi

ments made in the laboratory of the Biomagnetic Research Foundation 

indicate that heterogeneous fields have effects different from, 

sometimes even opposite to, the biomagnetic effects of homogenous

fields.

A heterogeneous field is characterized by a gradient or a 

relative variation of the field strength over the volume in which 

the specimen is confined. The physical difference between the 

two types of fields is that heterogeneous fields exert an acceler

ating force upon particles which are more para- or diamagnetic than 

their surroundings, whereas homogenous fields do not. The observed 

differences in the biomagnetic effects of the two types of fields 

is assumed to be due to their physical differences (Barnothy, 196lia). 

This is exemplified in an experiment where homogenous fields caused 

no inhibition in yeast cell buds, whereas a heterogeneous field 

produced biological effects on yeast, and it was hypothesized that 

the effect depended upon the translocation of some of the cellular 

elements (Kimball, 1937).

Faraday showed that all matter is either attracted or repelled 

by a magnetic field. Today we know that the former category embraces
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para- and ferromagnetic substances and the latter corresponds to 

diamagnetic substances (Mulay, 196b).

Paramagnetic and ferromagnetic materials have molecules with 

permanent magnetic dipole moments. In paramagnetism this moment 

is caused by the spin and orbital momentum of unpaired electrons.

These moments do not interact strongly with each other and are 

normally randomly oriented. In the presence of an external mag

netic field, the dipoles are partially aligned in the direction of 

the field, thereby increasing the field. Paramagnetic molecules 

are exemplified by salts, certain complexes of transition elements, 

odd electron molecules like hC^ and Og, and free radicals such as 

triphenyl methyl (Tipler, 1976).

Some theoretical investigations show that Brownian rotation of 

molecules, that is, rotational diffusion, may be important with 

respect to chemically effective collisions when the molecules involved 

possess specific three dimensional reactive sites. If such molecules 

with specific reactive sites are paramagnetic the possibility exists 

that an externally applied magnetic field may imply a decrease in 

the rate of effective collisions, and, therefore a retardation of 

the corresponding biochemical reaction (Valentinuzzi, 196b).

Paramagnetism, as cited, is an atomic or a molecular property 

whereas ferromagnetism is a more complicated group effect. Because 

of strong interaction between neighboring magnetic dipoles, a high 

degree of alignment can be achieved even with weak external magnetic 

fields, thereby causing a very large increase in the total field.
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Elements such as iron, cobalt, and nickel with incomplete low 

energy levels, such as the 3d level, are ferromagnetic. The 

ferromagnetic moment arises from electron spins only (Valentinuzzi, 

196U, Tipler, 1976).

Diamagnetism is the result of an induced magnetic moment 

opposite in direction to the external field. This induced moment 

weakens the resultant magnetic field. Practically all organic and 

inorganic compounds with the exception of the forementioned free 

radicals and compounds of the transition elements are diamagnetic 

(Indumati and Mulay, 196U).

Diamagnetism is a universal property since it is caused by 

the orbital motion of electrons. It is most perceptible when all 

electrons are paired so that there are no permanent "spin" moments 

(Mulay, I96I4). Paired IT-electrons are freer to circulate and are 

thus more inducible with relation to an external magnetic field, 

thereby making the molecule more diamagnetic. In general, the 

magnitude of the diamagnetism of a system will depend on the area 

("orbit") over which their1-electrons are distributed and on their 

number. Thus, the higher the degree of unsaturation and especially 

conjugation the higher the magnitude of the diamagnetism of the 

system (Indumati and Mulay, I96I4).

After looking at magnetic fields and the different categories 

of interaction between magnetic fields and matter, the following 

observations appear to be true. It appears that in biological systems

5



the range of paramagnetism is about as large as the range of 

diamagnetism, i.e., there do not seem to be any notable extremes 

of paramagnetism or diamagnetism in biological compounds. In a 

magnetic field, about the same magnitude of force is exerted on 

both diamagnetic and paramagnetic components. Although these 

forces will be small, a significant separation might conceivably 

be effected and could upset some enzyme reaction. Also, both the 

observed paramagnetism and diamagnetism are large enough in some 

cases to cause significant orientation and distortion of the biologi 

cal components when placed in a magnetic field. The combination of 

these electron distribution effects may well bring about or be the 

initial cause of many of the biological effects which have been 

observed in magnetic fields. It appears, therefore, that the 

immediate effects of the magnetic field on the electron distribution 

in a particular biochemical will ultimately be shown to be more 

important in explaining biomagnetic effects than the differences 

in the magnetic susceptibilities themselves (Senftle and Hambright, 

1969). Magnetic susceptibility is the ratio of intensity of mag

netization to the field strength (barnothy, 19oUa).

Some of the observed magnetic effects upon biological systems 

and processes are presented below.

When exposed to a magnetic field, cellular respiration was 

affected in normal and malignant tissues, in adult and embryo 

tissues and in yeast. The qualitative and quantitative effects of 

a magnetic field on tissue respiration are related to the type and
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age of the tissue (Reno and Nutini, 1963). The more actively-

proliferating cells are most responsive to the fields, e.g., all 
*

tumor cells investigated (S37, Ehrlich adenocarcinonia, and He La 

cells) and embryo and young neonatal tissues displayed a reduced 

respiration in effective fields whereas adult and older tissues 

did not. Yeast cells also responded to the field, but with stimu

lation rather than depression of respiration. The reason for this 

difference in response between yeast and proliferating animal 

tumor cells is not known (Cook, et al., 1969).

The exposure of ascites Sarcoma 37 cells to a 7300 - Oe mag

netic field for periods of 1 to 3 hrs. produced a decrease of DM 

synthesis of about 18 to 21$. This was measured by the titrated 

thymidine uptake measured by autoradiography. The depression of 

respiration by the magnetic field was found to be of the same 

general magnitude (D’Souza et al., 1969).

Magnetic fields were thought to alter the kinetics of enzymatic 

reactions by changing the orientation and concentration of bio

logically active macromolecules (Dorfman, 1971). Also, enzyme 

and tissue respiration were influenced by magnetic fields, possibly 

by changes at the supramolecular level of structure. This would 

lead to effective changes in chemically specific reactions. 

Furthermore, the sustained magnetic field was suspected of 

influencing RHA accumulation near the nucleus (Kogan, 1971).

Effects upon the endocrine system and internal organs have 

been noted in mice. Exposure of mice to homogenous magnetic fields
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in excess of U200 Oe, and exposure times longer than U days pro

duced a disorganization and narrowing of the zona fasciculata of 

the adrenal cortex, a decrease in the number of megakaryocytes 

in the spleen, and an increase in the number of mitoses in liver 

tissues (Barnothy and Sumegi, 1969).

It was inferred from experiments where a strong magnetic field 

retarded the growth of young mice and lengthened the gestation 

period for pregnant mice, that the mitotic rate was somehow retarded 

(Barnothy, 196Ub).

The results of investigations on the effect of magnetic fields 

on the growth of bacteria have so far been inconclusive. Leusden 

found that the growth of coliform organisms was not affected by 

exposure to magnetic fields (Gerencser, 1962). Jennison (19U8) 

provided more negative evidence for biomagnetic effects. He grew 

25 species of bacteria yeasts and molds on solid media between the 

poles of an electromagnet which provided a homogenous field of 3000 

Oe. After h8 hrs. of exposure, he checked the cultures for size 

of colony, staining reactions, pigment production and spore formation. 

He found no difference between magnetized cultures and controls.

The response of Sarcina lutea and Escherichia coli to a con

stant homogenous field of lit,000 Oe showed no significant quanti

tative difference in cell level as indicated by the growth response 

curves. The response of Staphlococcus aureus to identical con

ditions, produced no growth inhibition for the first 15 hrs. At
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the l6th hr. sampling period, an inhibition of growth was exhibited 

which continued throughout the remaining period of exposure 

(Hedrick, I96I4).

When 3. aureus was placed in a constant, homogenous field 

of 700 Oe in the permanent magnet, a disarrangement of the cell3 

from the typical grape-like clusters to single isolated cells was 

observed (Hedrick, I96I4).

Certain kinds of bacteria, when separated from the sediment, 

consistently swim north. These specimens were assumed to possess 

a permanent magnetic dipole-moment, enabling them to orient them

selves along the lines of force of the geomagnetic field (Blakemore 

and Kalmijn, 1978).

None of the forementioned biomagnetic effects shows up immedi

ately upon exposure to the field, but only after a lapse of a 

certain length of time. The reason for this feature of biomagnetic 

effects may be that the cumulative effects of the field must sur

pass a certain threshold before they are capable of triggering 

biological processes. The greater the intensity of the magnetic 

field, the sooner the threshold will be reached (Barnothy, 196Ua).

In bacterial conjugation, genetic transfer is mediated by 

an infective agent called the F factor. F+ and Hfr strains possess 

the F factor and act as genetic donors, whereas F" cells lack the 

F factor and behave as recipients.

Knowledge of the conjugation process in an Hfr X F“ cross is 

almost complete. Cells of opposite mating type first collide at
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random, following which pairs of cells are formed whose physical 

connection to each other is maintained by a conjugation bridge. 

Transmission of the Hfr chromosome then proceeds, presumably via 

the bridge, into the F“ cell. Usually only a portion of the 

chromosome is transferred since the conjugation bridge is ruptured 

spontaneously before chromosome transfer is complete.

In an F+ strain the F factor is autonomous of the bacterial 

chromosome and capable of mediating its own transfer, but in an 

Hfr strain the F factor has become integrated into the host cell 

chromosome and once integrated, is capable of mobilizing the 

bacterial chromosome for transfer. The presence of this F factor 

is also necessary for the formation of the conjugation bridge or 

pilus.

These proteinaceous sex pili (F pili) contain no detectable 

amounts of nucleic acid, lipid nor carbohydrate. Pilin, the pilus 

protein has a minimum molecular weight of about 16,000.

The pilus is known to transverse both the cell wall and cyto

plasmic membrane of the cell. It is 1-20 yi m long with an outside 

diameter of A and an internal hole whose diameter is 20-25 A, 
just large enough to accommodate a double-stranded DWA molecule.

It is hypothesized that when Hfr cells are mated to F“ cells

a nick is made in the backbone of one of the strands of the Hfr

chromosome near the F factor. This strand is then elongated by 

the action of DHA polynerase at the broken 3' end with the dis

placement of the 5' end into the conjugation tube. Once the Hfr
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strand has entered the F cell, the DNA polymerase of the F” cell 

begins to synthesize a strand complementary to it. Thus the 

energy necessary for chromosome transfer seems to be derived in 

part from DHA replication in the Hfr cell, which "pushes" the 

3* end of the broken strand into the conjugation tube by dis

placement, and in part from, replication of a strand complementary 

to the Hfr strand in the F~ cell, which "pulls" the Hfr chromosome 

into the F” cell (Drueger, et al., 1973 and Pelezar, et al., 1977).
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MATERIALS AND METHODS

Bacterium

Two auxotrophic strains derived of Escherichia coli K12 

were used. The strain ATCC 25256 is an extremely stable Hfr 

strain and requires methionine for growth. The F“ strain ATCC 

252^2 requires threonine, leucine, and vitamin B2 for growth.

Magnetic Field

The magnet used was an Ealing Improved Large Electromagnet 

(model A32-3121) fitted with pole caps tapered to 5 cm square, an 

Ealing Power Supply (model A32-3956) and a custom-built cooling 

system consisting of an electric fan which effectively removed 

heat from the coils, thereby preventing shortage.

The pole faces were spaced 2.5 cm apart and amperage was 

maintained at 7»2 amp, thus a homogenous magnetic field of 7200 

gauss was established.

Temperature

The temperature was maintained at 36* 1° C by thermostatically 

controlled aquarium heaters. Uniform heating was attained with 

a cyclic flow of water from the aquarium water-bath incubsting 

the control cultures to the water-bath incubating the magnetized 

test cultures. A swamp-cooler pump was used to transfer water 

from the aquarium to the test culture water bath and gravity was 

the driving force for the return flow.
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Media and Culture Transfer

Two auxotrophic strains ATCC 25252 and ATCC 25256 were each 

grown in a test tube of D1FCO Jac to dutri^iit troth. These cultures 

were maintained at room temperature and served as the stock culture.

For each trial, U.O ml of nutrient broth were inoculated with 

10 loops of ATCC 25256 from the stock culture. In a second test 

tube of U.O ml nutrient broth, the same procedure was followed 

but with ATCC 25252. These cultures were then incubated at 35° C 

for 18-2ii hrs.

From the above cultures, 0.5 ml of ATCC 25252 and 0.5 ml of 

ATCC 25256 were added to each of four sterile 13 X 100 mm test 

tubes. Already contained in each tube was 3.9 ml of nutrient 

broth and 0.1 ml of 0.1$ Chase/water solution.

Two culture tubes were then placed in the aquarium so that 

the water level was above that of the broth. These were the 

control cultures. The other two culture tubes were placed in 

the water bath between the pole caps of the electromagnet so that 

the water level was above that of the broth. These test cultures 

were exposed to the 7200 gauss magnetic field.

After 6 hrs. of incubation at 36* 1° C, the control and 

experimental cultures were centrifuged for 15 min. and the super

natant was poured off. The cells were then washed with saline 

(0.9$ NaCl), centrifuged and the supernatant was then disposed of. 

This was repeated once again. After a final centrifugation, the 

cells were resuspended in 3.0 ml of saline.
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The 3,0 ml suspension obtained from each control and exposed 

culture was used to perform serial dilutions from a factor of 

10 to 10“'’. Vigorous agitation between each dilution insured 

uniform mixing of the previous dilution.

All dilutions were plated into l£ X 100 mm petri dishes 

using the pour plate technique. A 1-ml sample was taken by sterile 

pipette from each dilution blank and then placed in petri dishes.

From stock bottles containing DIFCO Minimal Agar Davis, 13 to 20 ml 

of agar was poured in with the previous 1-ml samples. Manual 

rotation of this mixture insured uniformity in the distribution of 

individual cells. The temperature of the minimal agar never exceeded 

li3° C while pouring. Once the agar had solidified, the plates were 

inverted and incubated at 35° C for I48 hrs. The resulting colonies 

were then counted using the Quebec colony counter.
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RESULTS

The experiment was performed four times. Because of the 

nature of the data, a Paired-Difference statistical test was

used to validate the results. The differences were then tested

by a two-tailed students' t test at a confidence level of 0.025, 

where the rejection region for 6 degrees of freedom is 2.hU7«

A t value of t = 2.8? was obtained with the paired-difference 

test on all data. This value, being greater than t = 2.hh7 

indicates that bacterial conjugation in E. coli was significantly 

inhibited in the exposed cultures.
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abTABLE 1. ESCHERICHIA COLI IN 72OO-GAUS3 FIELD*

Trial Number Control0 nxposed^

1 68 U8

2a 10h 78

2b 8h 79

3a 317 2h3

3b 262 113

ha 193 135

hb 216 180

Cell count number X lO"^ = organisms per ml in •
tubes.

b) All plates were grown at 35 C for h8 hrs.

c) The cell counts of an exposed culture tube averaged from two 
plates.

d) The cell counts of a nonexposed culture tube averaged from 
two plates.
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DISCUSSION AND JOCCLUSION

Although statistical evidence supports the hypothesis of 

inhibition of conjugation, it is very difficult to deduce the mode 

or locus of magnetic interaction from this evidence. The most 

meaningful information concerning biomagnetic interactions could 

best be obtained from observing biological processes which occur 

rather independently of other physiological processes. Although 

this is probably an ideal and unattainable condition, it was the 

reason for choosing the process of bacterial conjugation in this 

experiment.

Conjugation with an Hfr cell and an F” cell involves DNA 

replication, movement of DNA through the pilus, assembly of the 

pilus, and various other related enzymatic reactions. The 7200 

gauss field probably affected one or several of these cellular 

activities in its inhibition of conjugation.

The results of this experiment can very easily be correlated 

with the various hypotheses concerning biomagnetic effects. A 

leading hypothesis involves the retardation of DNA synthesis by 

magnetic fields. The exposure of ascited Sarcoma 37 cells to a 

7300 - Oe magnetic field decreased DNA production by 16 to 2lg£ 

(L'Souza, et al., 1969). Smith and Gross (196U) found that fibio- 

blast proliferation and fibrosis were reduced by magnetization.

The locus of interaction was probably the individual nucleotides, 

chromosomes or enzymes regulating DNA synthesis. If the para-
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The significant inhibition of bacterial conjugation in this 

experiment corroborates what is already known about growth inhibi

tion and its physiological causes. I found no literature con

cerning the effects of magnetism upon bacterial conjugation.

Yet this experiment leaves open many questions which will have 

to be pursued through further experimentation.

Biomagnetic studies have provided us with a new and valuable 

avenue in which to approach the many biological puzzles which face 

us today. Through these studies we may be able to elucidate some 

basic physiological mechanisms. This understanding will carry 

important consequences for man since he is increasingly making 

magnetism a larger part of his environment.
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