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Abstract During growth, Bacillus thuringiensis presents
three phases: exponential phase (EP), transition state (TS),
and sporulation phase (SP). In order to form a dormant spore
and to synthesize delta-endotoxins during SP, bacteria must
undergo a cellular differentiation process initiated during the
TS. Dielectric spectroscopy is a technique that can be utilized
for continuous and in situ monitoring of the cellular state. In
order to study on-line cell behavior in B. thuringiensis cul-
tures, we conducted a number of batch cultures under different
conditions, by scanning 200 frequencies from 42Hz to 5MHz
and applying fixed current and voltage of 20 mA and 5 V DC,
respectively. The resulting signals included Impedance (Z),
Angle phase (Deg), Voltage (V), Current (I), Conductance
(G), Reactance (X), and Resistance (R). Individual raw data
relating to observed dielectric property profiles were correlat-
ed with the different growth phases established using data
from cellular growth, cry1Ac gene expression, and free spores
obtained with conventional techniques and fermentation

parameters. Based on these correlations, frequencies of 0.1,
0.5, and 1.225 MHz were selected for the purpose of measur-
ing dielectric properties in independent batch cultures, at a
fixed frequency. X and R manifest more propitious behavior
in relation to EP, TS, SP, and spore release, due to particular
changes in their signals. Interestingly, these profiles
underwent pronounced changes during EP and TS that were
not noticed when using conventional methods, but were in-
dicative of the beginning of the B. thuringiensis cell differen-
tiation process.
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Introduction

A key question in biology relates to how it is that sister cells
with identical genomes follow different patterns for gene ex-
pression (Iber et al. 2006). Bacteria utilize a variety of molec-
ular mechanisms to achieve cell differentiation, and the
resulting developmental transformations generate specialized
cell types that increase their ability to survive in the environ-
ment (Moran 2002; Barák and Wilkinson 2005; Banse et al.
2008; Saujet et al. 2011). Cellular differentiation is the process
during which relatively unspecialized cells acquire specialized
structural and/or functional features that characterize the cells,
tissues, or organs of the mature organism, or some other rela-
tively stable phase during the life history of the organism.
Differentiation includes the processes that induce a cell to a
specific fate and its subsequent development to the mature
state (Cammack et al. 2006), as in Bacillus subtilis where
the formation of an asymmetric septum during sporulation is
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related to the control on the part of several genes that are
involved in cellular division affected by sporulation factors
(Errington 2003; Hilbert and Piggot 2004). Hence, this mor-
phological process (sporulation process) is a powerful system
for studying mechanisms that control cell division and devel-
opment (Bejerano-Sagie et al. 2006).

The most successful insect pathogen used for insect control
is Bacillus thuringiensis, currently comprising ~2 % of the
total insecticide market (Bravo et al. 2011). During sporula-
tion, B. thuringiensis produces parasporal inclusions (delta-
endotoxins known as Cry proteins), with entomotoxic activity
(Agaisse and Lereclus 1994; Aronson 2002; Soberón et al.
2007). Cry proteins are specifically toxic to different insect
orders, such as Lepidoptera, Coleoptera, Diptera,
Hymenoptera, and Nematodes (Soberón et al. 2007).
B. thuringiensis undergo a life cycle that includes vegetative
growth or exponential phase (EP), transition phase (TS), and
sporulation phase (SP). The transition phase is characterized
by a decrease in specific growth rate (μ) and metabolic chang-
es (López-y-López and de la Torre 2005). The sporulation
process in B. thuringiensis is very similar to that so well char-
acterized in B. subtilis (Aronson 2002) and which has been
extensively studied (Phillips and Strauch 2002). During tran-
sition from exponential to stationary growth phase, a complex
regulatory network will determine which option (still growing
or initiation of sporulation) is most suitable under the given
conditions (Saujet et al. 2011). If the cell opts for sporulation
(Lazazzera 2000; Phillips and Strauch 2002; Bassler and
Losick 2006), one of the progeny will be a compact and du-
rable spore, and the other the mother cell that aids in construc-
tion of the spore but is lysed at the completion of the cellular
differentiation process (Jenal and Stephens 1996).
Considerable work has been dedicated to depicting the mode
of action of insecticidal Cry proteins (Vachon et al. 2012), as
well as to the development of media culture for different strain
production and research into insecticidal activity of Cry pro-
teins (Frankenhuyzen 2009). Despite this information, there
are no reports that address the cell differentiation process in
B. thuringiensis cultures monitored on-line.

In order to successfully examine dynamic cellular process-
es in live cells, non-destructive real-time monitoring methods
are required (Bagnaninchi and Drummond 2011; Park et al.
2011). Dielectric spectroscopy measurements have been ap-
plied to the analysis of biological materials such as cell sus-
pension and tissues (Schwan and Takashima 1991; Morgan
et al. 2007). These measurements are based on the application
of an electric field to a cell suspension causing a shift in the
ions present, which results in polarization of the cell mem-
brane that behaves as a capacitor (November and Van Impe
2002). The cells are subsequently termed dielectric because
they are located in the electric field between two electrodes for
analysis (Justice et al. 2011), where ionic and electronic con-
duction is evident (Grimnes and Martinsen 2000; Luong et al.

2001; Bonmassar et al. 2010; Pänke et al. 2011). The electrical
and morphological properties of the cell membrane and cyto-
plasm and extracellular media are assumed to represent sensi-
tive parameters of the cellular state (Gheorghiu 1996).
Currently, dielectric spectroscopy is used to determine bio-
mass, living cell volume, cell length, etc. (Hunt et al. 2009),
or for detection of bacteria in water (Timms et al. 1996), milk
(Felice et al. 1999), or food (Gibson et al. 1992). Likewise, it
is used for industrial microbial process control and sanitation
microbiology (Swaminathan and Feng 1994; Silley and
Forsythe 1996), as well as for microbial growth (Dézenclos
et al. 1994) and to assess metabolic activity due to growth and
physiological state among yeast (Owens et al. 1992; Deák and
Beuchat 1993), bacteria, and fungi (Matanguihan et al. 1994).
This technique has also been used as an on‐line method for
measuring the formation of biofilms by Klebsiella
rubiacearum and for on‐line control of these biofilms by the
automated addition of chlorine in response to appropriate
changes in electrical capacitance (Markx and Kell 1990).
Similarly, Sarrafzadeh et al. (2005) mentioned that it is appro-
pria te for monitoring growth and sporulat ion of
B. thuringiensis in fed-batch culture. Biofilm formation and
sporulation processes result from the adaptation of bacterial
population to environmental conditions; these are regulated by
quorum sensing. Other features regulated by quorum sensing
in bacteria include the impulse to sporulate (Lazazzera 2000),
as well as virulence, genetic competence, and biolumines-
cence, among other factors with potential application in bio-
technology (Mangwani et al. 2012). Because bacteria use quo-
rum sensing communication circuits that regulate a diverse
array of physiological activities, these physiological changes
modify the electrical capacity of the cell, so that dielectric
spectroscopy can be used to follow these changes on-line.
However, there is no available information regarding cell dif-
ferentiation process in bacteria monitored by dielectric spec-
troscopy in real time and in situ. In order to address whether
dielectric spectroscopy is appropriate for following a differen-
tiation process in bacteria, we use B. thuringiensis as a study
model and correlate the changes in dielectric properties when
batch cultures are undergoing exponential growth phase, tran-
sition state, and sporulation phase, as well as analyzing data
from cellular growth, cry1Ac gene expression and free spores
obtained using conventional techniques, and fermentation pa-
rameters. We found good correlation between dielectric prop-
erties and cell differentiation process in B. thuringiensis.
Interestingly, Reactance (X) and Resistance (R) mani-
fested more propitious behavior in relation to exponen-
tial phase, transition state, sporulation phase, and spore
release, due to particular changes in their signals. This
suggests that Reactance and Resistance can be useful
properties for identifying minimal changes in real time
and in situ, in relation to the cell differentiation process,
as well as for the initiation of this cellular event that is
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not possible to evaluate using conventional techniques
in real time.

Materials and methods

Microorganism

B. thuringiensis strain HD73 pHT1kAc derived from
B. thuringiensis var. kurstakiHD73 (ATCC-35866) was used.
The transformed strain has a 1000-bp fragment upstream of
the cry1Ac promoter derived from B. thuringiensis HD73
fused to lacZ into plasmid pHT304-18Z (Agaisse and
Lereclus 1994). Sierra-Martínez et al. (2004) constructed the
transformed strain.

Media and culture conditions

Two culture media were utilized: Farrera medium (Farrera
et al. 1998) and Clean medium. The composition of Farrera
medium in (g⋅l−1) consisted of glucose, 13.42; soybean meal,
5.6; corn steep solids, 4.05; and yeast extract, 2.59. Clean
medium in (g⋅l−1) consisted of glucose, 12.0; soybean pep-
tone, 12.0; and yeast extract, 2.59. In addition, both media
had the same composition of mineral salts in (g⋅l−1):
MgSO4⋅7H2O, 0.2; MnSO4, 0.04; ZnSO4⋅7H2O, 0.0058;
CuSO4⋅5H2O, 0.0075; KCl, 3.0; FeSO4⋅7H2O, 0.00135;
CoCl2⋅6H2O, 0.03; and Mazu DF antifoaming agent, 1
(ml⋅l−1). For Farrera medium, the pH was adjusted to 2.0 with
H3PO4 85 % (w/v), prior to sterilization. Before inoculation,
the pH was adjusted to 7.2 with 5 M NaOH. Batch cultures
were performed in a Sartorius Biostat A plus reactor, with 4-l
of working volume. The pH was controlled automatically at
7.2 with 5 M NaOH and 0.67M H3PO4. Foam was controlled
by the addition of Mazu DF antifoaming agent. Operative
conditions were 30 °C, 600 rpm, and 1 vvm. A log-phase
inoculumwas prepared from a spore disk with 107 spores with
a one-stage culture in Farrera medium, incubated at 30 °C and
200 rpm for 14 h. The reactor was seededwith 6.25% (v/v) for
the one-stage culture. This culture condition was the same for
all experiments. Biomass experimental data were adjusted to
exponential growth model (Eq. 1):

X ¼ X 0e
μt ð1Þ

In Eq. (1), X are the cell counts at time t, X0 are the initial
cell counts, μ is the specific growth rate, and t is the time. It
was assumed that the transition phase initiated when μ de-
creased and cell growth became linear (López-y-López and
de la Torre 2005), whereas the onset of sporulation takes place
1 h prior to the detection of β-galactosidase activity from
pHT1kAc, as transcription of cry1A from the BtI promoter
has been reported to initiate 1.0 to 2.0 h after the onset of

sporulation phase (Agaisse and Lereclus 1995; Schnepf
et al. 1998; López-y-López and de la Torre 2005).
Transition state is marked by a shaded area in growth
profiles, determined by conventional analysis of each
fermentation; this area delimits the exponential growth
phase shown on the left side and the sporulation phase
shown on the right side of each graph. For the same
purpose, bacterial oxygen demand was maximal at the
end of the log phase, remained high for a short time
during the transition phase, and decreased during spor-
ulation phase. To confirm the establishment of sporula-
tion phase onset, the increase in the dissolved oxygen
(DO) profile was also assessed. We use these guidelines
to set the growth phases in the time course profile for
all batch cultures in this work.

β-galactosidase assay

cry1A expression was determined as described by López-y-
López and de la Torre (2005), applyingβ-galactosidase assay;
briefly, fermentation samples of 1.0 ml were centrifuged at 10,
000 rpm at 4 °C, and the cell pellet was washed twice and re-
suspended in 1.0 ml of phosphate buffer (0.1 M, pH 7.5). The
reaction mixture (Sambrook et al. 1989) contained
30 μl, cell suspension; 201 μl, phosphate buffer;
3.0 μl, 100 × Mg solution; and 66 μl of orto-
nitrophenyl-β-D-galactopyranoside (ONPG) and was in-
cubated at 30 °C, for 30 min. The reaction was stopped
with 500 μl of NaCO3 1 M, centrifuged under the same
conditions mentioned above, and read at 420 nm. One
unit of β-galactosidase (Miller unit, MU) was defined
as the amount of enzyme hydrolyzing 1 μmol of ONPG
min−1. All assays were performed in duplicate.

Analytical methods

Quadruplicate bacilli and spore counts were performed by
diluting broth samples in saline solution, followed by vigor-
ous mixing to avoid cell or spore clumping and direct micro-
scopic counting in a Neubauer chamber (Bravo et al. 1993;
Flores et al. 1997; Farrera et al. 1998; Navarro et al. 2006;
Boniolo et al. 2012). Sporulation efficiency was calculated by
taking the sum of free spores obtained at the end of fermenta-
tion, dividing this by the bacilli count determined at the onset
of sporulation phase and multiplying the quotient by 100
(López-y-López and de la Torre 2005). Residual glucose
was analyzed in a biochemistry analyzer (YSI 2700 Select).
The carbon dioxide (CO2) in the exit gas wasmonitored in real
time using an infrared CO2 analyzer (Carbon dioxide analyzer
Mod. 906, Quantek Instruments). Sartorius PC-Panel μDCU
6.34 was used for DO measurement and pH measurement-
control.
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Dielectric measurements

Dielectric parameters were measured by the Hioki 3532-50
LCR HiTester impedance meter. Figure 1 shows the reactor
vessel and dielectric probes. The dielectric probes consisted of
two stainless steel blades, 300 mm in length, 9.5 mm wide,
and 2.38 mm thick. In order to avoid any contact with the
metal of the reactor lid, the probes were fixed with an adapter
constructed out of Teflon®. Each probe had a protrusion
length of 35 mm from the lid, and was coupled to the imped-
ance analyzer with a type A crocodile clip. Dielectric proper-
ties were measured by applying a fixed current of 20 mA and
5 V, scanning 200 frequencies at 4 ranges, initiating at 42 Hz
and ending at 1 kHz, 5 kHz, 10 kHz, and 5 MHz. Each scan
was performed for at least 19 measurements per fermentation
process. Dielectric properties acquired from B. thuringiensis
cultures included Impedance (Z), Angle phase (Deg), Voltage
(V), and Current (I) as well as the parameters Resistance (R),
Reactance (X), and Conductance (G) calculated by Eqs. (2),
(3), and (4), respectively. Dielectric profiles were correlated
with kinetic profiles obtained from conventional analysis such
as bacilli and spore counts, cry expression, residual glucose,
resulting CO2, and DO. Specific frequencies were then select-
ed based on the most pertinent correlations applying the cor-
relation coefficient of Pearson for two data groups, according
to the conditional Eq. (5).

R ¼ Z⋅cos Degð Þ ð2Þ
X ¼ Z⋅sin Degð Þ ð3Þ

G ¼ I

V
ð4Þ

ρx;y ¼
Cov X ; Yð Þ

σx⋅σy
≥ 0:9j j ð5Þ

In Eq. (5), ρ is the correlation coefficient, Cov is the
covariance of X and Y values, X represents each fermen-
tation parameter (bacilli, spores, cry expression, residual
glucose, CO2, and DO), and Y refers to each dielectric
property (Z, Deg, V, I, G, R, and X) and σ is standard
deviation of X and Y. Groups of data utilized are pre-
sented in Table 1. The Hioki LCR version, 4.03E was
used to record the process data which sends individual
raw data referring to dielectric properties to Excel®
program.

Results

Scanning frequencies in batch cultures

Nine batch cultures were set up. A typical time course
in Clean medium is shown in Fig. 2. The exponential
growth phase lasted 4 h and was followed by the tran-
sition state with linear growth (4–6 h) (Fig. 2a).
Glucose was depleted after 6 h, and at 14 h, free spores
were detected (Fig. 2b). Oxygen demand was maximal
at the end of the log phase, remained high during tran-
sition phase, and decreased during sporulation (Fig. 2b).
Figure 2c shows 50 Impedance profiles obtained from
individual raw data scans at 42 Hz to 5 MHz. These
profiles showed a decreasing pattern with specific
changes occurring in the periods from 0 to 1 and 1 to
4 h, which corresponded to the exponential growth
phase, the transition phase (4 to 6 h), and during spor-
ulation (6 to 14 h). The other dielectric properties pro-
files (Deg, V, and I as well as the calculated parameters
R, X, and G) had similar profiles (data not shown). An
example of fermentation with Farrera medium is shown
in Fig. 3. In this case, the changes on Impedance pro-
files were not pronounced, as in the case of Clean me-
dium. Although the decreasing pattern of impedance is
noticeable in the range of 0 to 6Ω in Fig. 2c. This
information suggests that the culture medium can affect
the signal profiles of dielectric properties like
Impedance in scanning frequencies. In Table S1, the
value for the range of kinetic parameters from nine fer-
mentations used for correlations are presented.

In order to reveal a correlation between the data acquired
through dielectric spectroscopy and growth phases (Table 1),
Eq. 5 was used, and 1,026,000 correlations were obtained for
each fermentation; only 0.72 % of them had ρx,y≥0.9 (Fig. 4);
most of them corresponded to frequencies in a range of
300 kHz to 1.8 MHz. For further experiments, clean medium
and frequencies of 1.225 and 0.5 MHz were used, as well as
0.1 MHz, as in other s tudies (Gou et a l . 2011;
Schwarzenberger et al. 2011).

Dielectric
probes

Reaction Vessel

Vessel lid

Dielectric probes

Dielectric
probe

Aeration
basket

Exhaust
cooler

Temperature
sensor

Dielectric
probe

pH
electrode

Four way
sampler

Stirrer
shaft

Cooler
finger

Harvest
pipe

DO
electrode

300 mm 70 mm

Fig. 1 Configuration of dielectric probes. The cooler finger and exhaust
cooler are fixed to the lid, as are the four-way sampler, aeration basket,
stirrer shaft, and harvest pipe for the pH, DO, temperature, and dielectric
probes
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Batch cultures monitored at fixed frequencies of 1.225,
0.5, and 0.1 MHz

Figure 5 shows the time course for three batch cultures in
Clean medium, monitoring at fixed frequencies of 1.225,
0.5, and 0.1 MHz in real time. Corresponding kinetic data
are presented in Table 2, as well as those referring to the
control fermentation. The period corresponding to the transi-
tion state as indicated by the growth rate and dissolved oxygen

is shaded in the time courses. At 1.225 MHz, Resistance rap-
idly increased after 2.3 h and then decreased to a minimum of
−5.94Ω at 3.71 h; subsequently, there was an increase and
decrease in their signal during the period corresponding to
the transition phase onset at 4 h, indicating reduction in μ
(determined off-line) and oxygen consumption. Later
(5.58 h), Resistance suddenly began to increase again and β-
galactosidase from the reporter gene appeared, suggesting that
sporulation onset had occurred. This increment was followed

Table 1 Grouping of data used to calculate correlating parameters
(Eq. 5) between dielectric properties obtained to B. thuringiensis
fermentation parameters and cell differentiation process in time duration
of fermentation and each growing phase established through conventional

techniques for each of the frequencies tested. Both data groups (dielectric
and fermentation) that were correlated are from the same fermentation age
or fermentation segments and were obtained individually. The
correlations obtained were from the combination of data groupings

Frequency range
tested

Time of scanning (h) Dielectric properties obtained Fermentation parameter measured Fermentation segment

42–1 kHz 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
12, 14, 16, 18, 20, 22, 24

Z, Deg, X, R, V, G, Capacitance
(Cs), Dissipation factor (D),
Current (I)

Bacilli, spore, cry expression,
dissolved oxygen, carbon
dioxide, glucose

EP, TS, SP, Spores,
Complete42–5 kHz
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42–5 MHz

200 frequencies 19 times 9 parameters 6 parameters 5 time segments
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Fig. 2 Time course of B. thuringiensis HD73 pHT1kAc in clean
medium. Shaded area represents the transition phase, determined by
conventional analysis. Fifty profiles of Impedance measured in the
range of 42 Hz to 5 MHz, registering 25 fermentation times. The
symbols in the figure are a bacilli (black square), spores (white circle),
and cry expression (triangle); b CO2 production profile (diamond),
residual glucose (inverted triangle), DO (minus sign), and c Impedance
(color lines)
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Fig. 3 Time course for B. thuringiensis HD73 pHT1kAc in Farrera
medium. Shaded area is the transition phase determined by
conventional analysis. Fifty profiles for Impedance measured within the
range of 42 Hz to 5MHz, registering 19 fermentation times. The symbols
in the figure are a bacilli (black square), spores (white circle), and cry
expression (triangle); b CO2 production profile (diamond), residual
glucose (inverted triangle), DO (minus sign), and c Impedance (color
lines)
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by a small decrement in Resistance and then a linear incre-
ment, followed by a linear decrement. During this interval, the
reporter gene was expressed, i.e., sporulation took place and
after β-galactosidase activity was no longer detected and
refracting spores appeared. This period fits with reports re-
garding the time (about 6–8 h) necessary to complete the
sporulation phase in B. subtilis (Losick et al. 1986;
Phillips and Strauch 2002). As spores were detected,
Resistance remained constant. Also, Reactance time
course resembled the bacteria life cycle at 1.225 MHz
(Fig. 5). It reached a maximum during the exponential
growth phase and a minimum in the transition phase,
while remaining fairly constant during sporulation and
decreasing as spores became visible and the spore count
increased.

The bacterial concentration at 0 h in the batch culture mon-
itored at 0.5MHzwas 45.6% of the concentration in the batch
at 1.225 MHz; the transition and stationary phases were de-
layed for 1 h (Table 2), and this delay was observed in the
Resistance profile (Fig. 5 at 0.5 MHz). An important differ-
ence between these batches is that β-galactosidase activity
was detected and spore concentration increased; likewise,
Resistance increased and remained higher during this period
than in the batch at 1.225 MHz. These facts suggest that di-
electric profiles at this frequency make it possible to detect
small on-line differences in the time courses between batches.
In contrast, although the Reactance profile during the expo-
nential phase at 0.5 MHz showed a similar profile to the batch
at 1.225 MHz, the signal response was less evident during the
remainder of the bacilli life cycle. In contrast, correlation be-
tween Resistance and Reactance profiles at 0.1 MHz and the
life cycle of the bacteria were not as clear as those at 1.225 and
0.5 MHz.

In spite of the frequency applied (0.1, 0.5, and 1.225MHz),
the profiles of the dielectric parameters Impedance, Phase
angle, Conductance, and Voltage were associated with the
exponential phase, transition state, and sporulation phase
(Fig. 5). Furthermore, Impedance and Voltage had a tendency

to decrease their signal value during exponential phase, with
greater resemblance to a substrate consumption profile and
were pronounced at 1.225 and 0.5 MHz. Angle phase and
Conductance had a tendency to increase their signal with
greater similarity to a characteristic growth curve and/or
CO2 production profile (Fig. 5).

From the analysis of kinetic parameters (Table 2), we noted
slight differences between cultures. Specific growth rates at
1.225, 0.5, and 0.1 MHz experiments were the same and
higher than in fermentation with no dielectric sensing. These
values are in accordance with the range reported by other
researchers from 0.4 to 1.9 h−1 for B. thuringiensis
(Avignone-Rossa and Mignone 1995; Rodriguez-Monroy
and de la Torre 1996). Significative differences were found
at the initial cellular counts between experiments (p<0.5, one-
way ANOVA test), although they had the same magnitude
order. Cellular counts were similar for different experiments
at μ change and sporulation onset (p<0.5, one-way ANOVA
test). Cellular counts evaluated at 1.225 and 0.5 MHz were
comparable for Resistance change but not for Reactance. The
time of transition phase onset was the same for those with no
impedance sensing and 0.5 MHz experiments (at 5 h), 1 h
earlier in experiment at 1.225 MHz and 1 h later at
0.1 MHz. The time of sporulation phase onset in the experi-
ment evaluated at 1.225 MHz was established 1 h earlier than
for the rest of the experiments. Residual glucose concentration
was considered not to constitute a limit in terms of changes in
Resistance and Reactance at 1.225 and 0.5, or concerning the
change in μ (transition phase onset), in all experiments.
Sporulation efficiency was considered acceptable for
B. thuringiensis production. Notably, cry1Ac gene expression
evaluated as β-galactosidase activity was higher in the fer-
mentation evaluated at 1.225 MHz, followed by the cry1Ac
expression between experiments at 0.5 and 0.1 MHz. Despite
the fact of such differences between kinetic parameters obtain-
ed in described experiments, the dielectric properties used in
this work, especially Resistance and Reactance, manifested
more propitious behavior in relation to the exponential growth
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phase, transition state, sporulation phase, and spore release,
due to particular changes in their signals.

Discussion

Bacilli have the ability to undergo a cellular differentiation
process leading to the formation of a spore that will germinate
when growth-favoring conditions return. In order to cope with
nutrient limitations, bacterial cells have to change their metab-
olism, therefore when the transition phase is settled up, sets of
genes are turned off and others are turned on sequentially, and
finally part of the bacterial population sporulates (Saujet et al.
2011). Additionally, as a population of quorum sensing bac-
teria grows, a proportional increase in the extracellular con-
centration of the signaling molecule occurs. When a threshold
concentration is reached, the group detects the signaling mol-
ecule and responds to it with a population-wide alteration in
gene expression (Bassler and Losick 2006). During vegetative
growth, B. thuringiensis simultaneously consume glucose and
amino acids (Farrera et al. 1998), Krebs cycle activity is
almost null, and cells produce pyruvate, acetate, and
lactate (Anderson 1990; Rowe 1990). During the transi-
tion phase, glycolysis flux is diminished, metabolites
produced during vegetative growth are consumed,

Krebs and glyoxylate cycles are active (Aronson et al.
1975), and citrate and butyrate can be produced (López-
y-López and de la Torre 2005). In sporulation phase,
Krebs, glyoxylate, and γ-aminobutyric cycles are still
active. All these changes may be detected by impedance
spectroscopy (Michaelis et al. 2013).

In spite of the studies and applications of dielectric spec-
troscopy used for monitoring microorganisms, as mentioned
in the BIntroduction^ section, information regarding cell dif-
ferentiation in bacteria throughout dielectric spectroscopy is
non-existent. In this study, we found that frequencies with a
range of 0.3 to 1.8 MHz correlate with the changes associated
with the cell differentiation process of B. thuringiensis
(Table 1, Fig 4). Therefore, to compare dielectric parameters,
we selected the fixed frequencies of 1.225, 0.5, and 0.1 MHz,
the latter two have been reported in other dielectric studies
(Benoit et al. 1998; Guan et al. 1998; Gou et al. 2011;
Schwarzenberger et al. 2011). At these frequencies, there is
no apparent damage to the cell (Sanchis 2009).

Frequency utilized at fixed value is an important fact for
obtaining a better relationship between dielectric properties
and growth phases (Fig. 5). Usually, capacitance change
(ΔC) or relative permittivity (ε) have been used as indicators
of biomass growth, at frequencies ranging from 0.5 to
3.0 MHz (Kiviharju et al. 2008). Interestingly, Sarrafzadeh
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Fig. 5 Time course for B. thuringiensis HD73 pHT1kAc batch cultures
in clean medium monitored at 1.225, 0.5, and 0.1 MHz. Shaded area
represents the transition phase, determined by conventional analysis.
Data for dielectric properties were acquired every 60 s during the entire
fermentation process. The symbols in the figure are bacilli (black square),

spores (white circle), and cry expression (triangle); CO2 production
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line), Impedance (green line), Angle phase (pink line), Conductance
(gray line), and Voltage (orange line)
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et al. (2005) reported in fed-batch cultures of B. thuringiensis
that the transition state can be detected in real time by means
of dielectric permittivity. The authors mentioned that in such
transition state, vegetative cells stayed almost constant and
sporulated cells begun to appear. In the present work, we do
not detect spores in the transition state. It is worth mentioning
that the transition state per se in the Bacillus genera is the
moment when the cell reorganizes their metabolic and genetic
efforts to prepare to cells for sporulation, and it has been sug-
gested by several works in the topic (Sonenshein 2000;
Phillips and Strauch 2002; Banse et al. 2008) that sporulated
bacilli neither spores exist during transition state in batch
cultures.

In other studies, the calculated normalized Impedance has
been used to follow the cell differentiation process of mesen-
chymal stem cells (Hildebrandt et al. 2010; Park et al. 2011)
and embryonic cancer stem cells (Öz et al. 2013). Other au-
thors used the normalized values of Resistance to follow the
cell differentiation of mesenchymal stem cells (Cho et al.
2009) and for monitoring cell culture of insects (Luong et al.
2001). In both normalized properties, the signal response
tends to increase as a function of time. Normalized values
refer to the Impedance or Resistance values of culture medium
prior to inoculation, a measurement at a determined frequency
or a measurement of a particular condition of the system. Our
results showed that the Impedance profiles (raw data) tend to
decrease (Figs. 2c and 5), indicating that in initial conditions,
the Impedance of medium culture is higher and attributable to
the nutrients only. As the process continues, cellular growth,
nutrient consumption (glucose, oxygen, etc.), as well as pro-
duction of metabolites such as organic acids (López-y-López
and de la Torre 2005) and CO2 facilitate electron transport by
means of dielectric effect, so that the Impedance value de-
creases. Impedance changes have been related to growth and
alterations to the physiological state of the cells during culti-
vation (Ehret et al. 1997; Felice et al. 1999; Valero et al. 2010;
Pänke et al. 2011; Whulanza et al. 2011; Gou et al. 2011;
Justice et al. 2011; Michaelis et al. 2013).

In a way inversely proportional to Impedance ,
Conductance indicates the ease with which a material con-
ducts an electrical current that modify the media composition
changing the ionic content and provoking a change in the
media conductivity (Ramírez et al. 2009). This contribution
is principally due to metabolic activity and secretion of me-
tabolite, as well as the release of intracellular material during
cell lysis (Matanguihan et al. 1994), and the movement of ions
through the membrane (Justice et al. 2011). In this work, the
increase in Conductance is evident during the exponential
phase and transition state, but during the sporulation phase,
it remains almost constant, showing a slight increment during
the release of spores (Fig. 5). Therefore, we suggest that in-
crease in Conductance correlates with the metabolic changes
during each growth phase (mentioned above) and cell lysis of

B. thuringiensis. Angle phase is one of the clinically
established dielectric parameters that indicate cellular health,
cell membrane integrity, and cellular function in tissues and
patients with different diseases, at a frequency of
50 kHz (Abad et al. 2011; Tanabe et al. 2012;
Norman et al. 2012). There is no information regarding
this dielectric property in the case of cell culture per se.
However, Angle phase showed almost the same behav-
ior as Conductance, and as frequency increases the sig-
nal value increases.

Interestingly, Resistance and Reactance at 1.225 and
0.5 MHz were the more suitable properties for monitoring
changes related to the cell differentiation process, including
events during exponential phase and transition state that were
not elucidated using conventional techniques (Fig. 5).
Electrical Resistance is the impediment to the flow of an elec-
tric current through a component consisting of a circuit, a
medium, or a substance (Cammack et al. 2006), whereas
Reactance is the non-resistive component of Impedance in
an AC circuit, arising from the effect of inductance or capac-
itance or both, and causing the current to be out of phase with
the electromotive force that causes it (Cammack et al. 2006).
The changes in Resistance and Reactance profiles during ex-
ponential growth may suggest the triggering of cellular events
that cannot be elucidated through conventional analysis tech-
niques but must be taking place because of the onset of
B. thuringiensis growth in batch cultures, as these events de-
pend on the increased number of biochemical reactions and
genetic responses that may include synthesis of genetic, sig-
naling, metabolic, and structural molecules of cells, some of
them independent of growth per se, but related to the pro-
grammed cell cycle of B. thuringiensis, indicating an easier
electron transport in both culture medium and within the cells.
Biochemical reactions within the cells can provoke high ionic
activity throughout the cellular membrane, causing a reduc-
tion in Resistance and Reactance profiles due to easier trans-
port of electrons (Luong et al. 2001; November and Van Impe
2002; Bonmassar et al. 2010; Pänke et al. 2011). Besides
metabolic changes, one example of the possible explanations
for changes in Reactance and Resistance during the exponen-
tial growth from a genetic regulation point of view is the effect
of the transition state regulator, AbrB. Some reports indicate
that maximal expression of AbrB occurred during early expo-
nential growth phase in B. subtilis (Fürbaβ et al. 1991;
O’Reilly and Devine 1997) and in B. thuringiensis (Lozano
et al. 2014). The AbrB protein is involved in preventing inap-
propriate gene expression in actively growing cells and during
the transition phase reorganizes the expression of more than
100 post-exponential genes with different biological func-
tions, including biofilm formation, transport functions, antibi-
otic production, motility, development of competence for
DNA uptake, synthesis of extracellular and degradative en-
zymes, and sporulation (Strauch and Hoch 1993; Lazazzera
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2000; Chumsakul et al. 2011). Therefore, AbrB has an impact
on the cell differentiation process of B. thuringiensis.

The negative values registered for Resistance and
Reactance in experiments at fixed frequencies mean that cells
are in an active network, and this does not imply biological
system instability (Conciauro and Puglisi 1981). Hence, an
analysis of the dielectric data obtained for the negative slope
region makes it possible to establish the value of the external
resistance of the measure device, at which oscillations are
being generated and to estimate frequencies for these
oscillations. Survila and Mockus (1999) mentioned that the
negative values are related to the potential-dependent adsorp-
tion of the process involved in the system. Therefore, we sug-
gest that the oscillations showed in Fig. 5 refer to high ion
transfer through the membrane of bacilli for reduction in
Resistance and Reactance, whereas increase values indicate
a minus ion transfer due to metabolic reactions and genetic
efforts depending of the exponential phase and transition state,
which become constant during the sporulation phase. This
indicates that the dielectric profile of Resistance and
Reactance makes it possible to relate the different growth
stages of the cell.

Identifying the moment when the cell differentiation pro-
cess initiates is crucial and decisive to obtaining optimum
results quickly in different studies at the cellular level for
different organisms, as well as for many applications where
it has practical consequences and which are important for
many human interests. In our case, our principal interest was
to observe the profile changes related to the cellular differen-
tiation process, but further studies are required to further in-
vestigate the dielectric values obtained, therefore a robust on-
line monitoring application of this technique must be devel-
oped. This study demonstrates that dielectric spectroscopy can
be used for time-continuous, label-free monitoring of cellular
events in the cell cycle, including the cell differentiation pro-
cess in B. thuringiensis. Resistance and Reactancemay repre-
sent useful properties for identifying minimal changes in real
time and in situ, in relation to the cell differentiation process,
as well as concerning the initiation of a cellular event that is
not possible to evaluate using conventional techniques.

Acknowledgments The authors gratefully acknowledge the financial
support of Consejo Nacional de Ciencia y Tecnología (CONACYT,Mex-
ico) grant 83057 and 103991 Dinorín Téllez Girón J fellowship. David
Flores Rojas and Juan Sánchez Labrada from Pilot Plant of Fermentations
from CINVESTAV-IPN for technical assistance.

Conflict of interest The authors have no conflict of interest.

References

Abad S, Sotomayor G, Vega A, Pérez de José A, Verdalles U, Jofré R,
López-Gómez JM (2011) El ángulo de fase de la impedancia

eléctrica es un predictor de supervivencia a largo plazo en pacientes
en diálisis. Nefrología 31(6):670–676. doi:10.3265/Nefrologia.
pre2011.Sep.10999

Agaisse H, Lereclus D (1994) Structural and functional analysis of the
promoter region involved in full expression of the cryIIIA toxin gene
of Bacillus thuringiensis. Mol Microbiol 13:97–107

Agaisse H, Lereclus D (1995) How does Bacillus thuringiensis produce
somuch insecticidal crystal protein? J Bacteriol 177(21):6027–6032

Anderson TB (1990) Effects of carbon:nitrogen ratio and oxygen on the
growth kinetics of Bacillus thuringiensis and yield of bioinsecticidal
crystal protein. MSc. thesis, University of Western Ontario London,
Ontario

Aronson A (2002) Sporulation and δ-endotoxin synthesis by Bacillus
thuringiensis. Cell Mol Life Sci 59:417–425

Aronson JN, Borris DP, Doerner JF, Akers E (1975) Gamma-
aminobutyric acid pathway and modified tricarboxilic acid cycle
activity during growth and sporulation of Bacillus thuringiensis.
Appl Microbiol 30:489–492

Avignone-Rossa C, Mignone CF (1995) Bacillus thuringiensis growth
and toxicity. Basic and applied considerations. Mol Biotechnol
4(1):55–71

Bagnaninchi PO, Drummond N (2011) Real-time label-free monitoring
of adipose-derived stem cell differentiation with electric cell-
substrate impedance sensing. PNAS 108:6462–6467

Banse AV, Chastanet A, Ranh-Lee L, Hobbs EC, Losick R (2008) Parallel
pathways of repression and antirepression governing the transition
to stationary phase in Bacillus subtilis. PNAS 105:15547–15552

Barák I, Wilkinson AJ (2005) Where asymmetry in gene expression
originate. Mol Microbiol 57(3):611–620

Bassler BL, Losick R (2006) Bacterially speaking. Cell 125. doi: 10.
1016/j.cell.2006.04.001

Bejerano-Sagie M, Oppenheimer-Shaanan Y, Berlatzky I, Rouvinski A,
Meyerovich M, Ben-Yehuda S (2006) A checkpoint protein that
scans the chromosome for damage at the start of sporulation in
Bacillus subtilis. Cell 125(4):679–690

Benoit E, Guellil A, Block JC, Bessière J (1998) Dielectric permittivity
measurement of hydrophilic and hydrophobic bacterial suspensions:
a comparison with the octane adhesion test. JMicrobiolMethods 32:
205–211

Boniolo FS, Rodrigues RC, Prata AM, López ML, Jacinto T, da Silveira
MM, Berbert-Molina MA (2012) Oxygen supply in Bacillus
thuringiensis fermentations: bringing new insights on their impact
on sporulation and δ-endotoxin production. Appl Microbiol
Biotechnol 3:625–636. doi:10.1007/s00253-011-3746-9

Bonmassar G, Iwaki S, Goldmakher G, Angelone LM, Belliveau JW, Lev
MH (2010) On the measurement of electrical impedance spectros-
copy (EIS) of the human head. Int J Bioelectromagn 12(1):32–46

Bravo A, Quintero R, Díaz C, Martínez A, Soberón M (1993) Efficiency
of insecticidal crystal protein production in a Bacillus thuringiensis
mutant with derepressed expression of the terminal oxidase aa 3

during sporulation. Appl Microbiol Biotechnol 39:558–562
Bravo A, Likitvivatanavong S, Gill S, Soberón M (2011) Bacillus

thuringiensis: a story of successful bioinsecticide. Insect Biochem
Mol Biol 41(7):423–431. doi:10.1016/j.ibmb.2011.02.006

Cammack R, Attwood TK, Campbell PN, Parish JH, Smith AD, Stirling
JL, Vella F (2006) The Oxford dictionary of biochemistry and mo-
lecular biology, 2nd edn. Oxford, Oxford University Press, p 720

Cho S, Gorjup E, Thielecke H (2009) Chip-based time-continuous mon-
itoring of toxic effects on stem cell differentiation. Ann Anat 191(1):
145–152. doi:10.1016/j.aanat.2008.08.005

Chumsakul O, Takahashi H, Oshima T, Hishimoto T, Kanaya S,
Ogasawara N, Ishikawa S (2011) Genome-wide binding profiles
of the Bacillus subtilis transition state regulator AbrB and its homo-
log Abh reveals their interactive role in transcriptional regulation.
Nucleic Acids Res 39:414–428

5448 Appl Microbiol Biotechnol (2015) 99:5439–5450

http://dx.doi.org/10.3265/Nefrologia.pre2011.Sep.10999
http://dx.doi.org/10.3265/Nefrologia.pre2011.Sep.10999
http://dx.doi.org/10.1016/j.cell.2006.04.001
http://dx.doi.org/10.1016/j.cell.2006.04.001
http://dx.doi.org/10.1007/s00253-011-3746-9
http://dx.doi.org/10.1016/j.ibmb.2011.02.006
http://dx.doi.org/10.1016/j.aanat.2008.08.005


Conciauro G, Puglisi M (1981) Meaning of the negative impedance.
BNL-51420

Deák T, Beuchat LR (1993) Comparison of conductimetric and tradition-
al plating techniques for detecting yeast in fruit juices. J Appl
Bacteriol 75:546–550

Dézenclos T, Ascon-Cabrera M, Ascon D, Lebeault JM, Pauss A (1994)
Optimisation of the indirect impedancemetry technique; a handy
technique for microbial growth measurement. Appl Microbiol
Biotechnol 42:232–238

Ehret R, Baumann W, Brischwein M, Schwinde A, Stegbauer K, Wolf B
(1997) Monitoring of cellular behaviour by impedance measure-
ments on interdigitated electrode structures. Biosens Bioelectron
12(1):28–41

Errington J (2003) Regulation of endospore formation inBacillus subtilis.
Nat Rev Microbiol 1:117–126

Farrera RR, Pérez-Guevara F, de la TorreM (1998) Carbon:Nitrogen ratio
with initial concentration of total solids on insecticidal crystal pro-
tein and spore production in Bacillus thuringiensis HD-73. Appl
Microbiol Biotechnol 49:758–765

Felice CJ, Madrid RE, Olivera JM, Rotger VI, Valentinuzzi ME (1999)
Impedance microbiology: quantification of bacterial content in milk
bymeans of capacitance growth curves. J Microbiol Methods 35(1):
37–42

Flores ER, Perez F, de la Torre M (1997) Scale-up of Bacillus
thuringiensis fermentation based on oxygen transfer. J Ferm
Bioeng 83:561–564

Frankenhuyzen K (2009) Insecticidal activity of Bacillus thuringiensis
crystal proteins. J Invertebr Pathol 101(1):1–16. doi:10.1016/j.jip.
2009.02.009

Fürbaβ R, Gocht M, Zuber P, Marahiel A (1991) Interaction of AbrB, a
transcriptional regulator from Bacillus subtiliswith the promoters of
the transition state-activated genes tycA and spoVG. Mol Gen Genet
225:347–354

Gheorghiu E (1996) Measuring living cells using dielectric spectroscopy.
Bioelectrochem Bioenerg 40(2):133–139

Gibson DM, Coombes PC, Pimbley DW (1992) Automated conductance
method for the detection of Salmonella in foods: collaborative study.
J AOAC Int 75(2):293–302

Gou HL, Zhang XB, Bao N, Xu JJ, Xia XH, Chen HY (2011) Label-free
electrical discrimination of cells at normal, apoptotic and necrotic
status with a microfluidic device. J Chromatogr A 1218(33):5725–
5729. doi:10.1016/j.chroma.2011.06.102

Grimnes S, Martinsen OG (2000) Bioimpedance and bioelectricity ba-
sics. Academic, London. ISBN 0-12-303260-1

Guan Y, Evans PM, Kemp RB (1998) Specific heat flow rate: an on-line
monitor and potential control variable of specific metabolic rate in
animal cell culture that combines microcalorimetry with dielectric
spectroscopy. Biotechnol Bioeng 58(5):464–477

Hilbert DW, Piggot PJ (2004) Compartmentalization of gene expression
during Bacillus subtilis spore formation. Microbiol Mol Biol Rev
68:234–262

Hildebrandt C, Büth H, Cho S, Impidjati, Thielecke H (2010) Detection
of the osteogenic differentiation of mesenchymal stem cells in 2D
and 3D cultures by electrochemical impedance spectroscopy. J
Biotechnol 148(1):83–90. doi:10.1016/j.jbiotec.2010.01.007

Hunt RW, Zavalin A, Bhatnagar A, Chinnasamy S, Das KC (2009)
Review electromagnetic biostimulation of living cultures for bio-
technology, biofuel and bioenergy applications. Int J Mol Sci 10:
4515–4558. doi:10.3390/ijms10104515

Iber D, Clarkson J, Yudkin MD, Campbell ID (2006) The mechanism of
cell differentiation in Bacillus subtilis. Nature. doi:10.1038/
nature04666

Jenal U, Stephens C (1996) Bacterial differentiation: sizing up sporula-
tion. Curr Biol 6(2):111–114

Justice C, Brix A, Kraume M, Freimark D, Pfromm P, Eichenmueller B,
Czermak P (2011) Process control in cell culture technology using
dielectric spectroscopy. Biotechnol Adv 29(4):391–401

Kiviharju K, Salonen K, Moilanen U, Eerikäinen T (2008) Biomass mea-
surement online: the performance of in situ measurements and soft-
ware sensors. J Ind Microbiol Biotechnol 35:657–665

Lazazzera BA (2000) Quorum sensing and starvation: signals for entry
into the stationary phase. Curr Opin Microbiol 3:177–182

López-y-López VE, de la Torre M (2005) Redirection of metabolism
during nutrient feeding in fed-batch cultures of Bacillus
thuringiensis. Appl Microbiol Biotechnol 67:254–260

Losick R, Youngman P, Piggot PJ (1986) Genetics of endospore forma-
tion in Bacillus subtilis. Annu Rev Genet 20:625–669

Lozano AM, Dinorín J, Jiménez FE, Hidalgo-Lara ME, López y López
VE (2014) Behavior of transition state regulator AbrB in batch cul-
tures of Bacillus thuringiensis. Curr Microbiol. doi:10.1007/
s00284-014-0650-4

Luong JHT, Habibi-Rezaei M, Meghrous J, Xiao C, Male KB, Kamen A
(2001) Monitoring motility, spreading, and mortality of adherent
insect cells using an impedance sensor. Anal Chem 73:1844–1848

Mangwani N, Dash HR, Chauhan A, Das S (2012) Bacterial quorum
sensing: functional features and potential applications in biotechnol-
ogy. J Mol Microbiol Biotechnol 22(4):215–227. doi:10.1159/
000341847

Markx GH, Kell DB (1990) Dielectric spectroscopy as a tool for the
measurement of the formation of biofilms and of their removal by
electrolytic cleaning pulses and biocides. Biofouling 2:211–227.
doi:10.1080/08927019009378146

Matanguihan RM, Konstantinov KB, Yoshida T (1994) Dielectric mea-
surement to monitor the growth and the physiological states of bio-
logical cells. Bioprocess Eng 11(6):213–222

Michaelis S, Wegener J, Robelek R (2013) Label-free monitoring of cell-
based assays: combining impedance analysis with SPR for
multiparametric cell profiling. Biosens Bioelectron 49:63–70. doi:
10.1016/j.bios.2013.04.042

Moran CP (2002) Endospore formation in Bacillus subtilis. In: Streips
UN, Yasbin RE (eds) Modern microbial genetics, 2nd edn. Wiley,
New York. doi:10.1002/047122197X.ch11

Morgan H, Sun T, Holmes D, Gawad S, Green NG (2007) Single cell
dielectric spectroscopy. J Phys D Appl Phys 40:61. doi:10.1088/
0022-3727/40/1/S10

Navarro AK, Farrera RR, López R, Pérez-Guevara F (2006) Relationship
between poly-β-hydroxybutyrate production and δ-endotoxin for
Bacillus thuringiensis var. kurstaki. Biotechnol Lett 28:641–644

Norman K, Stobäus N, Pirlich M, Bosy-Westphal A (2012) Bioelectrical
phase angle and impedance vector analysis—clinical relevance and
applicability of impedance parameters. Clin Nutr. doi:10.1016/j.
clnu.2012.05.008

November EJ, Van Impe JF (2002) The tuning of a model-based estimator
for the specific growth rate of Candida utilis. Bioprocess Biosyst
Eng 25:1–12

O’Reilly M, Devine KM (1997) Expression of AbrB, a transition state
regulator from Bacillus subtilis, is growth phase dependent in a
manner resembling that of Fis, the nucleoid binding protein from
Escherichia coli. J Bacteriol 179:522–529

Owens JD, Konírová L, Thomas DS (1992) Causes of conductance
change in yeast cultures. J Appl Bacteriol 72(1):32–38

Öz S, Maercker C, Breiling A (2013) Embryonic carcinoma cells show
specific dielectric resistance profiles during induced differentiation.
PLoS One 8(3):e59895. doi:10.1371/journal.pone.0059895

Pänke O, Weigel W, Schmidt S, Steude A, Robitzki AA (2011) A cell-
based impedance assay for monitoring transient receptor potential
(TRP) ion channel activity. Biosens Bioelectron 26(5):2376–2382.
doi:10.1016/j.bios.2010.10.015

Park HE, Kim D, Koh HS, Cho S, Sung JS, Kim JY (2011) Real-time
monitoring of neural differentiation of human mesenchymal stem

Appl Microbiol Biotechnol (2015) 99:5439–5450 5449

http://dx.doi.org/10.1016/j.jip.2009.02.009
http://dx.doi.org/10.1016/j.jip.2009.02.009
http://dx.doi.org/10.1016/j.chroma.2011.06.102
http://dx.doi.org/10.1016/j.jbiotec.2010.01.007
http://dx.doi.org/10.3390/ijms10104515
http://dx.doi.org/10.1038/nature04666
http://dx.doi.org/10.1038/nature04666
http://dx.doi.org/10.1007/s00284-014-0650-4
http://dx.doi.org/10.1007/s00284-014-0650-4
http://dx.doi.org/10.1159/000341847
http://dx.doi.org/10.1159/000341847
http://dx.doi.org/10.1080/08927019009378146
http://dx.doi.org/10.1016/j.bios.2013.04.042
http://dx.doi.org/10.1002/047122197X.ch11
http://dx.doi.org/10.1088/0022-3727/40/1/S10
http://dx.doi.org/10.1088/0022-3727/40/1/S10
http://dx.doi.org/10.1016/j.clnu.2012.05.008
http://dx.doi.org/10.1016/j.clnu.2012.05.008
http://dx.doi.org/10.1371/journal.pone.0059895
http://dx.doi.org/10.1016/j.bios.2010.10.015


cells by electric cell-substrate impedance sensing. J Biomed
Biotechnol. doi:10.1155/2011/485173

Phillips ZEV, Strauch MA (2002) Bacillus subtilis sporulation and sta-
tionary phase gene expression. Cell Mol Life Sci 59:392–402

Ramírez N, Regueiro A, Arias O, Contreras R (2009) Espectroscopía de
impedancia electroquímica, herramienta eficaz para el diagnóstico
rápido microbiológico. Biotecnol Apl 26:65–71

Rodriguez-Monroy M, de la Torre M (1996) Effect of the dilution rate on
the biomass yield of Bacillus thuringiensis and determination of its
rate coefficients under steady-state conditions. Appl Microbiol
Biotechnol 47:546–550

Rowe GE (1990) Central metabolism of Bacillus thuringiensis during
growth and sporulation. PhD thesis in The Univeristy of Western
Ontario London Ontario

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a labora-
tory manual, 2nd edn. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, pp 16.66–16.67

Sanchis A (2009) Aplicación de la dielectroforesis a la caracterización
dieléctrica de células. Dissertation, Universidad Complutense De
Madrid. Facultad De Ciencias Físicas. Departamento de Física
Aplicada III. ISBN: 978-84-692-0106-0

SarrafzadehMH, Belloy L, Esteban G, Navarro JM, Ghommidh C (2005)
Dielectric monitoring of growth and sporulation of Bacillus
thuringiensis. Biotechnol Lett 27(7):511–517

Saujet L, Monot M, Dupuy B, Soutourina O (2011) The key sigma factor
of transition phase, SigH, controls sporulation, metabolism, and vir-
ulence factor expression inClostridium difficile. J Bacteriol 193(13):
3186. doi:10.1128/JB.00272-11

Schnepf E, Crickmore N, Van Rie J, Lereclus D, Baum J, Feitelson J,
Zeigler DR, Dean DH (1998) Bacillus thuringiensis and its pestici-
dal crystal proteins. Microbiol Mol Biol Rev 62(3):775–806

Schwan HP, Takashima S (1991) Dielectric behavior of biological cells
and membranes. Bull Inst Chem Res Kyoto Univ 69(4):419–475

Schwarzenberger T, Wolf P, Brischwein M, Kleinhans R, Demmel F,
Lechner A, Becker B, Wolf B (2011) Impedance sensor technology
for cell-based assays in the framework of a high-content screening
system. PhysiolMeas 32(7):977–993. doi:10.1088/0967-3334/32/7/
S18

Sierra-Martínez P, Ibarra JE, de la Torre M, Olmedo G (2004) Endospore
degradation in an oligosporogenic, crystal of Bacillus thuringiensis.
Curr Microbiol 48:153–158

Silley P, Forsythe S (1996) Impedance microbiology: a rapid change for
microbiologists. J Appl Bacteriol 80:233–243

Soberón M, Fernández LE, Pérez C, Gill SS, Bravo A (2007) Mode of
action of mosquitocidal Bacillus thuringiensis toxins. Toxicon
49(5):597–600

Sonenshein AL (2000) Control of sporulation initiation in Bacillus
subtilis. Curr Opin Microbiol 3(6):561–566

Strauch MA, Hoch JA (1993) Transition-state regulators: sentinels of
Bacillus subtilis post-exponential gene expression. Mol Microbiol
7:337–342

Survila A, Mockus Z (1999) Current oscillations and a negative imped-
ance observed during copper and tin codeposition from solutions
involving Laprol 2402C as a surface-active substance. Electrochim
Acta 44:1707–1712

Swaminathan B, Feng P (1994) Rapid detection of food-borne pathogenic
bacteria. Annu Rev Microbiol 48:401–426

Tanabe RF, de Azevedo ZM, Fonseca VM, Peixoto MV, dos Anjos LA,
Gaspar-Elsas MI, Moore DC, Ramos EG (2012) Distribution of
bioelectrical impedance vector values in multi-ethnic infants and
pre-school children. Clin Nutr 31(1):144–148. doi:10.1016/j.clnu.
2011.08.006

Timms S, Colquhoun KO, Fricker CR (1996) Detection of Escherichia
coli in potable water using indirect impedance technology. J
Microbiol Methods 26:125–132

Vachon V, Laprade R, Schwartz JL (2012) Current models of the mode of
action of Bacillus thuringiensis insecticidal crystal proteins: a criti-
cal review. J Invertebr Pathol 111(1):1–12. doi:10.1016/j.jip.2012.
05.001

Valero T, Moschopoulou G, Kintzios S, Hauptmann P, Naumann M,
Jacobs T (2010) Studies on neuronal differentiation and signalling
processes with a novel impedimetric biosensor. Biosens Bioelectron
26:1407–1413

Whulanza Y, Ucciferri N, Domenici C, Vozzi G, Ahluwalia A (2011)
Sensing scaffolds to monitor cellular activity using impedance mea-
surements. Biosens Bioelectron 26(7):3303–3308. doi:10.1016/j.
bios.2011.01.002

5450 Appl Microbiol Biotechnol (2015) 99:5439–5450

http://dx.doi.org/10.1155/2011/485173
http://dx.doi.org/10.1128/JB.00272-11
http://dx.doi.org/10.1088/0967-3334/32/7/S18
http://dx.doi.org/10.1088/0967-3334/32/7/S18
http://dx.doi.org/10.1016/j.clnu.2011.08.006
http://dx.doi.org/10.1016/j.clnu.2011.08.006
http://dx.doi.org/10.1016/j.jip.2012.05.001
http://dx.doi.org/10.1016/j.jip.2012.05.001
http://dx.doi.org/10.1016/j.bios.2011.01.002
http://dx.doi.org/10.1016/j.bios.2011.01.002

	Reactance...
	Abstract
	Introduction
	Materials and methods
	Microorganism
	Media and culture conditions
	β-galactosidase assay
	Analytical methods
	Dielectric measurements

	Results
	Scanning frequencies in batch cultures
	Batch cultures monitored at fixed frequencies of 1.225, 0.5, and 0.1&newnbsp;MHz

	Discussion
	References


