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Real-Time Monitoring of Yeast Cell Division by Dielectric Spectroscopy

K. Asami,* E. Gheorghiu,” and T. Yonezawa®

*Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan; *National Institute of Biotechnology, UNESCO Center of
Biodynamics, 77102 Bucharest 1, Romania; and SProduction Division |, Suntory, Osaka 618-0001, Japan

ABSTRACT To assay cell cycle progression in synchronized culture of yeast we have applied dielectric spectroscopy to its
real-time monitoring. The dielectric monitoring is based on the electromagnetic induction method, regarded as a nonelectrode
method, which has resolved the problems encountered in measurements with metal electrodes, namely electrode polarization
and bubble formation on electrodes. In the synchronized culture with temperature-sensitive cell division cycle mutants, the
permittivity of the culture broth showed cyclic changes at frequencies below 300 kHz. The increase and decrease in the cyclic
changes of the relative permittivity correspond to the increase in cell length and bud size and to the septum formation
between mother and daughter cells, respectively.

INTRODUCTION

Synchronized cell culture is an indispensable technique irells. Therefore, monitoring the dielectric dispersion would
cell cycle research. To assay synchronous cell growth, cellsnable us to follow the cell cycle progression.
are sampled at a regular interval over a few cell cycles, and Despite the potential benefits of dielectric spectroscopy,
the changes in morphology and DNA content are examinetiowever, it has not been used for the real-time monitoring
by optical microscopy and flow cytometry (Hass and Lew, of synchronous cell growth because of three technical prob-
1997), respectively. Unfortunately, the examinations ardems encountered in the measurements. First, the most se-
time-consuming and laborious tasks, and therefore alternaious problem that comes from culture media containing
tive methods capable of real-time and in situ measuremergtlectrolytes is electrode polarization due to the electrical
become increasingly important for precise analysis of celdouble layer between metal electrodes and an electrolyte
cycle progression and for screening mutants. Dielectrisolution (Schwan, 1963). The large capacitive component of
spectroscopy can be a most suitable method for this purpogbe electrical double layer masks the small change in rela-
because of the noninvasive and rapid measurement sensititige permittivity produced by cell growth, whose value is at
to the morphological and electrical properties of cells. most a few tens. Second, it is still difficult to precisely
Biological cells are polarized in an ac field owing to determine such a small permittivity component from the
interfacial polarization that is the accumulation of charges aglmost entirely conductive admittance, even if the problem
the boundaries between the membrane and aqueous phaséslectrode polarization could be solved. Third, Og&n-
of different electrical properties (Schwan, 1957; Pethig.erated in fermentation forms bubbles on metal electrode
1979; Takashima, 1989; Asami, 1998). The interfacial po-surfaces, which interfere with the measurements. These
larization depends on frequency of the applied ac field an@roblems are not necessarily serious in the case of the
shows relaxation. Since a cell is covered with a thin andeal-time estimation of biomass, and the conventional elec-
insulating membrane, the polarization becomes huge at lowode methods are applicable to it (Harris et al., 1987; Asami
frequencies, and the corresponding equivalent, homogeand Yonezawa, 1995a). However, the monitoring of the cell
neous relative permittivitye() of the cell is on the order of Cycle progression in synchronized culture requires greater
1000. For the cell suspension, therefore, the incredeit ~ precision and stability in measurement than the biomass
relative permittivity (or the difference in relative permittiv- estimation, so that it is essential to overcome the problems.
ity between the cell suspension and the suspending medium) The difficult requirements for the measurement have
is proportional to the content of cells, thereby allowing thebeen resolved by a new method developed by Wakamatsu
estimation of biomass by dielectric measurement (Harris ef1997). This method, based on electromagnetic induction, is
al., 1987; Mishima et al., 1991). Th& also shows fre- termed the electromagnetic induction method and is re-
quency dependence, namely dielectric dispersion or relaxdarded as a nonelectrode method. In this paper we demon-
ation, of which magnitude and characteristic frequency arétrate that synchronous yeast growth can be monitored by

a function of the morphological and electrical parameters oflielectric spectroscopy coupled with the electromagnetic
induction method.
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FIGURE 1 @) The principle of the electro-
magnetic induction method. When an ac volt-
ageV is applied to the primary troidal coil, an
electric field is induced in the sample of the
admittanceY, surrounding the probe, thereby
an electric currenttakes place in the secondary
troidal coil. The comparison of with V pro-
videsY,, from which the relative permittivity
and conductivity of the sample are determined. | osabobn
(B) The inductive probe used for the electro-
magnetic induction method.Cj The probe

mounted in the culture system with a water . . .
bath. . Yx Front view Side view

:iMagnetic stirrerf:

The applied voltage to the primary troidal coil and the output current frombeen expected. For the synchronized culture of SH3009
the secondary one are compared using a 4285A Precision LCR Metegg||s thede at low frequencies (0.17 and 0.37 MHz) showed
(Hewlett-Packard Co., Palo Alto, CA) to determine the relative permittivity oscillation. while at high frequencies (above 0.82 MHZ) the
and conductivity of the sample over a frequency range of 75 kHz to 30_ " . ’ . ' '
MHz. The inductive probe used was the same as that described in Q‘E increased monotonously up to 12 h in the same manner
previous paper (Wakamatsu, 1997). as in the asynchronous growth. In the oscillation, four
To improve the accuracy of the measurement, the measurement systepycles were clearly distinguishable and the time per one
was calibrated using special 0-ohm and 50-ohm standards, and correctigfycle was~100 min except for the last cycle. The number
Wask made fz)rgghti residual admittance of the probe, as described b&f the permittivity cycles was closely related to the concen-
Wakamatsu (1997). . . .
The probe was mounted in a 500-ml bottle containing 400 ml culturetration of inoculated cells, e.g., five and three cycles were
broth. The bottle was placed in a water bath, whose temperature watound for 2.5% and 10% of the final cell concentration,
regulated within0.03°C with a CTE42A Coolnics Circulator (Yamato- respectively.
Komatsu, Tokyo). The culture broth was stirred with a magnetic stirrer. | the synchronized culture of K164-9 cells, the time
The noise level and stability in the measurement were tested with acultur(&ourse of theSe has characteristics essentially similar to
medium whose conductivity was 0.37 Sfat 25°C. The fluctuation in . o
relative permittivity was within 0.1-0.2 between 100 kHz and 200 kHz andthose for SH3009 cells, i.e., the effect of SynChromzatlon
<0.1 between 200 kHz and 30 MHz. The excellent stability and low noiseappears only at low frequencies but does not at high fre-
level of the permittivity measurement allowed us to monitor the cell cycle quencies. However, some differences are also seen between

progression in synchronized culture. the two strains. K164-9 cells showed only one and one-half

Synchronized culture

For synchronized cell culture, temperature-sensitive cell-division-cycle
(cdg mutants of budding and fission yeast were used. Tte 28-13
(SH3009) ofSaccharomyces cerevisiagrests predominantly at “Start,”
and thecdc 25-22 (K164-9) ofSchizosaccharomyces pomtannot enter
mitosis, at a restrictive temperature of 36°C (Murray and Hunt, 1993). The
cells were inoculated at 2.5-10% of the final cell concentration in 400 ml
YEPD medium containing 2% glucose, 2% polypeptone, and 1% yeast
extract, and were precultured at 36°Cr 8 h (SH3009) and for 4 h
(K164-9) to obtain the arrested cells. The synchronous growth of the cells
was started by lowering the temperature to a permissive temperature of
25°C.

Morphology

The micrographs of the cells sampled at a regular interval from the culture
broth were obtained using a phase contrast microscope with a CCD video
camera. The image analysis of the micrographs was carried out using
Image-Pro (Media Cybernetics, Silver Spring, MD).

RESULTS AND DISCUSSION

Figs. 2 and 3 show the time course of thein the syn- Cultivation time / h

chronous and asynChro,nous growth of SH3009 an,d K:I'64'QIGURE 2 The relative permittivity changdi of the culture broth in the
cells. The cells were inoculated at 5% of the final cell asynchronousA) and synchronousB) growth of cdc 28-13 (SH3009) of
concentration, so that at most four cell cycles should havs. cerevisiae
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erties in the synchronous growth edc 25-22 S. pombg (A) The relative
FIGURE 3 The relative permittivity chandi of the culture broth in the permittivity changee of the culture broth.g) The septation indexifled
asynchronousA) and synchronous) growth ofcdc25-22 (K164-9) ofS.  circles) and the mean length/diameter ratiopén circley. Most cell
pombe populations lack and possess septa at the points 1 and 2, respectively.

cycles, which began after a time lag efL h as though the mately doubled by the onset of septation. In contrast, the
oscillation was out of phase by 180° with that for SH3009. high-frequency subdispersion was little influenced by the
The number of the permittivity cycles was independent ofseptum formation. According to the dielectric theory based
the concentration of inoculated cells, in contrast to SH3009

cells.

To correlate the cyclic changes in relative permittivity to ' . et
the cell division cycle, the morphology of cells was exam-
ined simultaneously with dielectric monitoring. Fig. 4
shows a typical set of results with K164-9 cells, whose
septum formation can be clearly detected by phase contrast
microscopy (see Fig. B, inse}. After the lag phase of-60
min the septation index or the percentage of cells with septa
increased to reach a maximum-a120 min (Fig. 4B). The
increase in the septation index in this period was fully
correlated with the decrease in the low-frequefieyn Fig.

4 A. The successive apparent cell separation in the period T T AR
from 120 min to 180 min, which appeared as the decreases
in the septation index and in the mean cell length/diameter
ratio, caused a relatively small changesia In the second
cycle starting from~180 min, the low-frequencye in-
creased with the cell elongation and then decreased. How-
ever, the decrease 8% no longer coincided in time with the
increase in the septation index because of the low synchrony
in the second cell division cycle.

Fig. 5 shows frequency dependence of daebtained at : R
points 1 and 2 in Fig. A, where most cell populations lack 10° 108 107
and possess septa, respectively (see micrographs in g. 5, Frequency / Hz
andB, inset$. The dielectric dispersions were represented
by a sum of two subdispersions of the Cole-Cole type (Cold'GURE 5 Frequency dependencedfobtained at points 14) and 2

. . (B) indicated in Fig. 4A, which is decomposed into two subdispersions of
and C_:Ple’ 1941). The Iow-frequgncy SUbd'Sp?rs'on was Ver}ﬁe Cole-Cole type, which are indicated by the broken and dotted lines.
sensitive to the septum formation; the amplitude decreas@gsets:phase-contrast micrographs of the representative cells. The arrow in
by ~50% and the characteristic frequency was approxiB indicates the septum. Scale bar, 16n.
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on an ellipsoidal cell model (Asami and Yonezawa, 1995b)and complicated morphology of budding and septated cells
the high- and low-frequency subdispersions are respectivelis an obstacle to it because their polarization in an electric
attributed to the radial and longitudinal componertsdnd  field cannot be solved analytically. In previous papers we
€ of the equivalent, homogeneous relative permittiviges assumed simple electrical cell models and simulated the
of a cell. The longitudinal componerd, is determined cyclic changes in relative permittivity in synchronized cul-
when an electric field is applied to the cell in its longitudinal ture (Asami and Yonezawa, 1995b; Gheorghiu and Asami,
direction, so that the electric field crosses the septum. Thi§998). Although the simulations provide dielectric behavior
is the reason why the, is much more sensitive to the very similar to that obtained in the present study, the sim-
septum formation than the,,. plified models cannot be used for properly estimating the
In Fig. 6 we attempt to give an intuitive explanation for electrical parameters of cells from the observed dielectric
the effect of the septum formation on thg using a simple  dispersion. Therefore, we are now developing a sophisti-
equivalent circuit model. A cylindrical cell of lengthand  cated method for the numerical calculation with more real-
circular areaéSas a model of fission yeast is placed betweenistic cell models.
two disk electrodes such that the electric field is parallel to
the longitudinal direction. The equivalent circuit for the cell we thank Dr. S. Harashima (Osaka University) for the gift of SH3009
without septum may be represented by a series combinatiasirain, and Dr. K. Tamai and Dr. C. Shimoda (Osaka City University) for
of two capacitors ofZ (C = SG,, whereC,, is the specific the gift of K164-9 strain. We also thank H. Wakamatsu and N. Koyanagi
membrane capacitance of the plasma membrane) and (?pan Hewlett-Pack_ard_)_ for their advi(_:e on the electromggnetic i_nduction
. . method and Dr. A. Irimajiri (Kochi Medical School) for critical reading of
resistor ofR for the cytoplasm, while for the septated cell, ,, .. manuscript,
two more capacitors due to the septum are added in series. . - . .
Hence. thee.. shows relaxation with the time constant of This work was supported by Ministry of Education, Culture and Science,
' cl . Japan (Grant 09555252).
RQ2 for the cell without septum andC4 for the septated
cell if the same cytoplasmic resistance is shared by bot
models. The low-frequency limit of the. for the cell EEFERENCES
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