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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 42 Hz to 5 MHz
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, crylAc gene expression, and free spores
obtained with conventional techniques and fermentation

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-015-6562-9) contains supplementary material,
which is available to authorized users.

>4 Victor Eric Lopez-Y-Lopez
vlopezyl@ipn.mx

Centro de Investigacion en Biotecnologia Aplicada del Instituto
Politécnico Nacional, Carretera Estatal Santa Inés Tecuexcomac-
Tepetitla, km 1.5, Tepetitla de Lardizabal, Tlaxcala C.P. 90700,
México

Centro de Biotecnologia Gendmica del Instituto Politécnico
Nacional, Boulevard del Maestro S/N esq. Elias Pina, Col. Narciso
Mendoza, Reynosa, Tamaulipas C.P. 88710, México

Centro de Investigacion en Alimentacién y Desarrollo, A.C.
Carretera a La Victoria km 0.6, Hermosillo, Sonora C.P. 83304,
Meéxico

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.

Keywords Cell differentiation - Dielectric spectroscopy -
Bacillus thuringiensis - On-line measuring - Resistance (R) -
Reactance (X)

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; Bardk 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; Soberén et al.
2007). Cry proteins are specifically toxic to different insect
orders, such as Lepidoptera, Coleoptera, Diptera,
Hymenoptera, and Nematodes (Soberén 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 (1) and metabolic chang-
es (Lopez-y-Lopez 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
etal. 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.
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2001; Bonmassar et al. 2010; Pénke 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
etal. 1994) and to assess metabolic activity due to growth and
physiological state among yeast (Owens et al. 1992; Dedk 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-
priate for monitoring growth and sporulation 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, crylAc 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. kurstaki HD73 (ATCC-35866) was used.
The transformed strain has a 1000-bp fragment upstream of
the crylAc promoter derived from B. thuringiensis HD73
fused to lacZ into plasmid pHT304-18Z (Agaisse and
Lereclus 1994). Sierra-Martinez 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-1") consisted of glucose, 13.42; soybean meal,
5.6; corn steep solids, 4.05; and yeast extract, 2.59. Clean
medium in (g: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-17"):
MgS0,4:7H,0, 0.2; MnSOy, 0.04; ZnSO4-7H,0, 0.0058;
CuS0,4-5H,0, 0.0075; KCl, 3.0; FeSO4-7H,0, 0.00135;
CoCl,-6H,0, 0.03; and Mazu DF antifoaming agent, 1
(ml-I""). 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 4-1
of working volume. The pH was controlled automatically at
7.2 with 5 M NaOH and 0.67 M H5PO,. Foam was controlled
by the addition of Mazu DF antifoaming agent. Operative
conditions were 30 °C, 600 rpm, and 1 vvm. A log-phase
inoculum was 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 seeded with 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 = Xoet (1)

In Eq. (1), X are the cell counts at time ¢, X, are the initial
cell counts, w1 is the specific growth rate, and ¢ is the time. It
was assumed that the transition phase initiated when p de-
creased and cell growth became linear (Lopez-y-Lopez and
de la Torre 2005), whereas the onset of sporulation takes place
1 h prior to the detection of [3-galactosidase activity from
pHT1kAc, as transcription of cry/A4 from the Btl 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; Lopez-y-Lopez 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.

3-galactosidase assay

crylA expression was determined as described by Lopez-y-
Lopez and de la Torre (2005), applying [3-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 ul, cell suspension; 201 pl, phosphate buffer;
3.0 ul, 100 x Mg solution; and 66 pl of orto-
nitrophenyl-(-D-galactopyranoside (ONPG) and was in-
cubated at 30 °C, for 30 min. The reaction was stopped
with 500 pl of NaCO; 1 M, centrifuged under the same
conditions mentioned above, and read at 420 nm. One
unit of (3-galactosidase (Miller unit, MU) was defined
as the amount of enzyme hydrolyzing 1 pmol of ONPG
min~'. 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
(Lopez-y-Lopez and de la Torre 2005). Residual glucose
was analyzed in a biochemistry analyzer (YSI 2700 Select).
The carbon dioxide (CO,) in the exit gas was monitored in real
time using an infrared CO, analyzer (Carbon dioxide analyzer
Mod. 906, Quantek Instruments). Sartorius PC-Panel uDCU
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
5V, 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
(¥), and Current (I) as well as the parameters Resistance (R),
Reactance (X), and Conductance (G) calculated by Egs. (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 CO,, 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 = Z-cos(Deg) (2)
X = Z-sin(Deg) (3)
1
Y= )
ouy = o= 09) 5
Vessel lid ~ Dielectric Aeration

\probe basket Exhaust
cooler
DO
electrode>{ 5, Temperature
\ sensor

AN
a

Harvest | Dielectric

pipe | probe
Cooler pH
finger electrode

.

Reaction Vessel

Dielectric probes

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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In Eq. (5), p 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, CO,, and DO), and Y refers to each dielectric
property (Z, Deg, V, I, G, R, and X) and o 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 6Q 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 p, ,>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 studies (Gou et al. 2011;
Schwarzenberger et al. 2011).
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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  Time of scanning (h)

Dielectric properties obtained

Fermentation parameter measured Fermentation segment

tested

42-1 kHz 0,1,2,3,4,5,6,7,8,9,10, 11, Z, Deg, X, R, V, G, Capacitance Bacilli, spore, cry expression, EP, TS, SP, Spores,
42-5 kHz 12, 14, 16, 18, 20, 22, 24 (Cs), Dissipation factor (D), dissolved oxygen, carbon Complete
42-10 kHz Current (I) dioxide, glucose

42-5 MHz

200 frequencies 19 times 9 parameters

6 parameters 5 time segments

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
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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 CO, production profile (diamond),
residual glucose (inverted triangle), DO (minus sign), and ¢ Impedance
(color lines)

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
=5.94Q 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 pn
(determined off-line) and oxygen consumption. Later
(5.58 h), Resistance suddenly began to increase again and 3-
galactosidase from the reporter gene appeared, suggesting that
sporulation onset had occurred. This increment was followed
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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 5 MHz, registering 19 fermentation times. The symbols
in the figure are a bacilli (black square), spores (white circle), and cry
expression (triangle); b CO, production profile (diamond), residual
glucose (inverted triangle), DO (minus sign), and ¢ Impedance (color
lines)
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Fig. 4 Frequency distribution for
absolute values of correlations,
higher or equal to 0.9. The
frequencies evaluated were 200,

50
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100.7
198.4
276.6
374.4
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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 [3-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 0.5 MHz was 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 (3-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 1.225 MHz),
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
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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
CO, 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™' 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 1 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 p (transition phase onset), in all experiments.
Sporulation efficiency was considered acceptable for
B. thuringiensis production. Notably, crylAc gene expression
evaluated as [3-galactosidase activity was higher in the fer-
mentation evaluated at 1.225 MHz, followed by the crylAc
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

649.1
745.8
843.6
921.8
1054
1459
1863
2268
2673
3078
3482
3887
4292
4696
5123
6342
7561
8781
10000
612300
1225000
1837000
2449000
3061000
3673000
4286000
4898000

Frequencies evaluated (Hz)
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Fig. 5 Time course for B. thuringiensis HD73 pHT 1kAc 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),

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,

@ Springer

Time (h)

Time (h)

spores (white circle), and cry expression (triangle); CO, production
profile (diamond), residual glucose (inverted triangle), DO (minus
sign), and dielectric properties: Reactance (red line), Resistance (blue
line), Impedance (green line), Angle phase (pink line), Conductance
(gray line), and Voltage (orange line)

Krebs and glyoxylate cycles are active (Aronson et al.
1975), and citrate and butyrate can be produced (Lopez-
y-Lopez and de la Torre 2005). In sporulation phase,
Krebs, glyoxylate, and y-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 “Introduction” 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
(ACQ) or relative permittivity (¢) 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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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 (Oz 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. 2¢c 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 (Lopez-y-Lopez
and de la Torre 2005) and CO, 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;
Péanke 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 (Ramirez 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 /mpedance 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. 2000).
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; Pénke 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 (Firbaf3 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 Reactance may 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.
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