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1. INTRODUCTION
    There is wide spread public concern over the possible health risk of ELF-MF.   
Electromagnetic fields may produce a variety of effects in several biological systems, including
the elevation of cancer risk and reduction of cell growth.  Epidemiological studies have shown
weak correlations between the exposure to ELF and the incidence of several cancers 1), but
negative studies have also been reported. Moreover, there are some reports that basic biological
events such as the cell cycle 2) and DNA replication were affected by exposure to MF3). However,
to date the molecular mechanism of the MF effect on living organism is not clear.  In this study,
we used yeast DNA microarray to examine the transcriptional profile of all genes in response to
ELF-MF.

A few years ago it was difficult to carry out a global gene expression study to identify
important genes regarding ELF-MF, however, today DNA microarrays allow gene regulation in
response to high density ELF-MF exposure.  Thus we used microarray to analyze changes in
mRNA abundance during ELF-MF exposure.

2. MATERIALS AND METHODS
2.1. Strain and growth conditions

The strain used was Saccharomyces cerevisiae S288C. Cells were grown in YPD medium at
30°C.  During the early exponential phase (OD600=0.8) the culture was divided in two samples of
25 ml in Petri dish. One was exposed to ELF-Mf and the other was used as control. Cells were
collected by centrifugation after 3h for RNA extraction.

2.2 Exposure system
 The 60 Hz, 0.5 T magnetic exposure system for the biological study was developed in our

laboratory 4).  The electromagnetic coil had magnetic poles (square; 100 x 100 mm), positioned in
parallel with a 20 mm vertical separation to generate a uniform magnetic field. The power source
was AC 200 V, 60 Hz. The generated field had a magnetic intensity of 0-0.6 T.  For the
temperature control, the water flow from a cooling bath was circulated through a tube
surrounding the magnetic coil. 



2.3. RNA extraction and mRNA purification
Both the control and ELF-MF treated cells were harvested and washed with RNase-free water.

Total RNA was isolated with SV Total RNA isolation system (Promega, USA).  mRNA was
isolated by use of the PolyAtract Isolation system (Promega, USA) according to the
manufacturer's instructions.

2.4. Probe preparation and labeling
Fluorescently labeled cDNA was prepared from poly(A)+ RNA as described by Alexandre et

al. 5).  Briefly, 1�g mRNA was mixed with 5 �g oligo(dT), heated for 10 min at 70°C and chilled
on ice. Reverse transcription was performed in the presence of 400 U SuperscriptII reverse
transcriptase (Gibco BRL, Life Technologies, USA), 25 mM dATP, dCTP, dGTP, 10 mM dTTP,
100 �M Cy3-dCTP or 100 �M Cy5-dCTP (Amersham Pharmacia Biotech). 

2.5. Hybridization and scannings
We used Yeast chip ver1.1  yeast S288c gene array slides which contained 6000 encoding

sequences (DNA chip research Inc., Japan). The cDNA solution was dropped onto the array and a
coverslip placed on it.  Hybridization was conducted for 18 h at 60°C  in hybridization chamber.
After hybridization, the labeled microarray was washed and dried. The microarrays were scanned
and analyzed.

3. RESULTS AND DISCUSSION
To investigate the biological nature of ELF-MF, we developed an ELF-MF exposure system 4).

In this system, a strong ELF-MF (60 Hz, 0.5 T ) was generated.
We used cDNA microarrays for a genome-wide transcriptional analysis to measure the changes in
the relative expression level of yeast mRNA during an exposure to ELF-MF.   The data were
derived from two independent experiments. Genes were considered to be down-or up-regulated if
the intensity ratio changed by at least a factor five in two experiments.  As predicted, ELF-MF
exposure altered the expression of a large number of the 6000 genes analyzed in the yeast
genome. Of these genes, 52 (0.86% of the
genome) were up regulated more than 5-fold. Most of the up-regulated genes are involved in
energetic metabolism , RNA metabolism, and protein destination (Table 1). Interestingly,  DNA
damage response genes 6), such as REV3, RAD50 or SNG1(MMS5) were induced.
Electromagnetic Fields are generally believed to be too weak to cause any significant movements
in DNA chains, such as single and double strand breaks. However, single and double strand
breaks have been reported after exposure of brain cells7). It is possible that DNA strand breaks
could be due to electron flows.8).  We have to examine ELF-MF effect on rev3, rad50 and mms5
mutant strains. The use of DNA microarray for the investigation of the global changes in gene
expression after ELF-MF is a powerful tool. Our data contribute to the understanding of the ELF-
MF effect on yeast. 
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Table 1
Gene induced after ELF-MF exposure

   ORF gene induction gene
name    fold description

YLL031C GPI13 28.1 Glycosylphosphatidylinositol (GPI) biosynthesis
YER166W DNF1 26.0 Potential aminophospholipid translocase
YKL130C SHE2 19.0 Required for mother cell-specific HO expression
YPL167C REV3 15.8 DNA polymerase zeta subunit
YDL174C DLD1 14.4 Mitochondrial D-lactate ferricytochrome c oxidoreductase 
YML104C MDM1 11.0 intermediate filament protein
YDR127W ARO1 10.3 3-dehydroquinate dehydratase (3-dehydroquinase)
YKL190W CNB1 10.0 type 2B protein phosphatase
YDR480W DIG2 9.6 MAP kinase-associated protein
YLR002C NOC3 9.4 involved in the nuclear export of pre-ribosomes
YJR118C ORC6 9.2 ORC 50 kDa subunit
YPL078C ATP4 9.0 ATP synthase F0 sector subunit 4
YMR056C AAC1 8.9 ADP/ATP translocator
YFL039C ACT1 8.6 actin
YMR218C TRS130 8.0 targeting complex (TRAPP) component involved in ER to
Golgi 

membrane traffic
YEL022W GEA2 7.8 Guanine-nucleotide Exchange on ARF
YMR039C SUB1 7.7 transcriptional coactivator
YNL189w SRP1 7.5 karyopherin alpha homolog of 60 kDa
YLR384C IKI3 7.0 RNA polymerase II Elongator subunit
YBR085W AAC3 7.0 highly homologous to PET9 (AAC2) and AAC1; expression
occurs

only under anaerobic conditions
YDL145C COP1 6.6 coatamer complex gamma-alpha-COP alpha subunit
YGR092W DBF2 6.5 kinase required for late nuclear division  cell cycle
YMR162C DNF3 6.5 Potential aminophospholipid translocase
YIL020C HIS6 6.4 phosphoribosyl-5-amino-1-phosphoribosyl-4-

imidazolecarboxiamide isomerase
YDL142C CRD1 6.2 cardiolipin synthase
YPL281C ERR2 6.1 enolase-related subtelomeric sequence
YGR197C SNG1 6.1 Involved in nitrosoguanidine resistance
YKL058W TOA2 5.9 transcription factor IIA subunit beta



YNL250W RAD50 5.9 Mre11-Rad50-Xrs2 protein complex member involved in
joining

double-stranded breaks and DNA recombination
YKL055C OAR1 5.5 3-oxoacyl-[acyl-carrier-protein] reductase
YPR002W PDH1 5.5 essential role in propionate catabolism
YDR519W FPR2 5.5 peptidyl-prolyl cis-trans isomerase (PPIase)
YDR309C GIC2 5.2 Gtpase-interacting component 2
YER142C MAG1 5.1 3-methyladenine DNA glycosylase
YPR001W CIT3 5.0 Mitochondrial isoform of citrate synthase
YKR085C MRPL20 5.0 22.3 kDa mitochondrial ribosomal large subunit protein
YmL20
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