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Abstract

Cell physiology parameters are essential aspects of biological processes; however, they are difficult to determine on-line. Dielectric
spectroscopy allows the on-line estimation of viable cells and can provide important information about cell physiology during culture.
In this study, we investigated the dielectric property variations in Kluyveromyces marxianus SLP1 and Saccharomyces cerevisiae ERD
yeasts stressed by 5-hydroxymethyl-2-furaldehyde and 2-furaldehyde during aerobic growth. The dielectric properties of cell permit-
tivity, specific membrane capacitance (Cm), and intracellular conductivity (oy,) were considerably affected by furan aldehydes in the
same way that the cell population, viability, cell size, substrate consumption, organic acid production, and respiratory parameters were.
The yeasts stressed with furan aldehydes exhibited three physiological states (): adaptation, replicating, and nonreplicating states.
During the adaptation state, there were small and stable signs of permittivity, Cm, and o7,; additionally, no cell growth was observed.
During the replicating state, cell growth was restored, and the cell viability increased; in addition, the permittivity and oy, increased
rapidly and reached their maximum values, while the Cm decreased. In the nonreplicating state, the permittivity and oy, were stable, and
Cm decreased to its minimum value. Our results demonstrated that knowing dielectric properties allowed us to obtain information about
the physiological state of the cells under control and stressed conditions. Since the permittivity, Cm, and oy, are directly associated with
the physiological state of the yeast, these results should contribute to a better understanding of the stress response of yeasts and open the
possibility to on-line monitor and control the physiological state of the cell in the near future.

Keywords Physiology state - Furan aldehydes - Stress response - Dielectric spectroscopy - Kluyveromyces marxianus -
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Introduction yeasts must deal with diverse fluctuations in conditions such

as temperature, osmolarity, pH, the presence of toxic

The yeasts have evolved to be able to survive severe and  chemicals, and the provision and depletion of nutrients; actu-

sudden changes in their external environment. In nature, ally, minimal changes in external conditions can cause several
disturbances in the intracellular environment.

For the optimum growth, function, and synthesis of
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caused by stress. These adaptations are multiple and involve
adaptation at the physiological and genetic levels. Cell phys-
iology is most commonly described by the term
“physiological state (¢)”; the physiological state can be de-
fined by different variables that provide important information
about the cellular state. These variables include growth and
metabolic rates, including their ratios; concentrations and met-
abolic fluxes; degrees of substrate/nutrient limitations; cellular
morphology (shape, the degree of aggregation, size); mem-
brane state; and dielectric properties (membrane conductivity,
intracellular conductivity) (Ansorge et al. 2010). In other
words, the physiological state ¢ for a cell population is de-
fined as the cellular properties that affect the fermentative
activity and the characteristics of the cell population and re-
flect changes in the conditions of a culture.

Cell physiology and viability are essential aspects of bio-
logical processes and are very difficult to determine. The mon-
itoring of cell physiology and viable cells on-line can allow
control of the growth rate, monitor the critical phases during
culturing, and identify deviations during the process. The
study of dielectric properties (capacitance) in the cell has a
potential application for on-line estimation of viable cells
(based on the loss of the integrity of the membrane); therefore,
it can provide important information about the cellular phys-
iology during cultivation (Opel et al. 2010; Tibayrenc et al.
2011). Dielectric spectroscopy has been applied in biotechno-
logical processes to determine viable biomass (Carvell and
Dowd 2006), cell death (Patel and Markx 2008), and stress
response (Tibayrenc et al. 2011) and to study the physiological
state of yeasts (F arias-Alvarez et al. 2018). In recent years, one
of the most studied biotechnological processes is the produc-
tion of second-generation bioethanol, which is produced from
nonfood raw materials such as lignocellulosic material (Gupta
and Verma 2015 ). In the conversion of biomass into biofuels,
the lignocellulosic material must be pretreated, and during this
step, several toxic compounds such as furan aldehydes are
generated, affecting the physiological parameters of microor-
ganisms used in the fermentation. 2-Furaldehyde (furfural)
and 5-hydroxymethyl-2-furaldehyde (HMF) are the most rep-
resentative aldehyde inhibitor compounds and are composed
of a furan ring and an aldehyde functional group, which is
toxic to the cell (Liu et al. 2008). Yeasts can metabolize these
furan aldehydes into less toxic compounds by aldehyde reduc-
tases. HMF is biotransformed to furan-2,5-dimethanol (FDM)
and furfural to furanmethanol (FM) (Liu 2011). In the partic-
ular case of furfural and HMF, these compounds can inhibit
cell growth and metabolite production, and they negatively
affect the fermentative capacities of the yeast such as the vol-
umetric ethanol yield and productivity (Sandoval-Nuiiez et al.
2017; Flores-Cosio et al. 2018). Currently, most of the studies
performed to understand the furan aldehydes and phenolic and
organic acid effects in yeast are oriented toward
Saccharomyces cerevisiae. However, to the best of our
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knowledge, there is not enough information about the dynam-
ic variations in dielectric properties associated with the toler-
ance, response mechanisms, and physiological state of a
promising yeast for industrial applications, Kluyveromyces
marxianus, when it is introduced to stress conditions with
furfural and HMF. Therefore, in this contribution, the mea-
surements with a dielectric spectroscopy probe were used to
evaluate and compare the effects of furfural and HMF on the
cell effective membrane conductance (permittivity), specific
membrane capacitance (Cm), and intracellular conductivity
(om) to better understand the physiological changes in the
yeasts K. marxianus and S. cerevisiae.

Materials and methods
Microorganisms

The strains used in this study were the commercial strain
S. cerevisiae Ethanol Red® (fermentis) (Lesaffre, France)
(ERD) and the strain K. marxianus NRRL Y-50883 (SLP1),
which was isolated from Agave salmiana juice in Charcas,
San Luis Potosi, and belongs to the Centro de Investigacion
y Asistencia en Tecnologia y Diseflo del Estado de Jalisco AC
(CIATEJ AC) yeast collection. Yeast strains were stored on
YPD agar medium at 4 °C.

Culture medium

A defined mineral culture medium was used, containing
20.0 g L' glucose as the only carbon source; a mixture of
salts composed of (g L 1) 1.49 Na,HPO4-2H,0, 3.0 K,HPO,,
3.0 (NH4)»SOy, and 1.0 glutamic acid; 2.5 mL L' vitamin
solution composed of (mg L") 1.0 aminobenzoic acid, 125.0
mesoinositol, 5.0 nicotinic acid, 5.0 pantothenic acid, 5.0 pyr-
idoxine, 5.0 thiamine HCI, and 0.012 biotin; and 1 mL L!
oligoelement solution containing (mg L") 410.0 MgCl,:
6H,0, 19.2 ZnCl,, 0.61 CuCl,-2H,0, 4.45 MnCl,-4H,O0,
0.5 CoCl,-6H,0, 17.37 CaCl,, 11.66 FeCl,-4H,0, 0.36
(NH4)sMo0,0,4-4H,0, and 3.0 H3BO;. Glucose was prepared
in a 700 g L' stock. Glucose and salts were sterilized by
autoclave (121 °C for 15 min). Oligoelements and vitamins
were sterilized by filtration (0.20 pwm).

Inoculum and bioreactor conditions

Inocula were generated in Erlenmeyer flasks (500 mL) con-
taining mineral medium incubated in a rotary shaker for 12 h
at 250 rpm, 30 °C, and an initial pH of 4.5. Batch fermenta-
tions were performed in duplicate in a 3-L Applikon®
Biotechnology (JG Delft, The Netherlands) bioreactor con-
taining a final work volume of 1.5 L of mineral medium and
sterilized at 121 °C for 15 min. An ADI 1030 Biocontroller
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(Applikon) was used to control agitation with the following
parameters: 500 rpm, pH 4.5, temperature 30 °C, and aeration
1 vvm. To maintain the pH at the setpoint, 1 M NaOH or
H3PO,4 was used. The fermenter was inoculated with 10% of
the total reactor volume, resulting in a population of 20 x 10°
cells mL™". The cell population was measured by a Neubauer
chamber.

Cell inhibitor conditions

Sterilized HMF and furfural were added to the medium after
inoculation at concentrations of 27.75 mM HMF and
15.61 mM furfural to promote stress conditions without kill-
ing the yeasts. This concentration of furan aldehydes was se-
lected based on results obtained in a previous work (Flores-
Cosio et al. 2018). Control cultures were not supplemented
with furan aldehydes, although they were grown under the
same operational and nutritional conditions. Inhibitors were
sterilized by filtration (0.20 pm). All reagents and compounds
used in this study were provided by Sigma-Aldrich® (St.
Louis, MO, USA). Two replicated experiments were carried
out for each set of conditions. Specific growth rate (tmax),
substrate consumption rate (r;), HMF consumption rate (7,),
and furfural consumption rate (rgr) were calculated in the ex-
ponential phase.

Dielectric spectroscopy measurements

A Fogale® nanotech (Nines, France) dielectric spectroscopy
probe attached to an EVO® Box was used to detect cellular
viability on-line. Frequency spectra were acquired over 6 min;
the system measured the capacitance values at 17 different
frequencies (from 0.3 to 10 MHz) during a frequency scan.
The permittivity, the dielectric increment (2¢), the character-
istic frequency (fc), and « (also known as Cole-Cole o) were
obtained directly from EVO 400 software (Fogale® nano-
tech—Ver. 2.5.16). Specific membrane capacitance (Cm),
and intracellular conductivity (op,) were calculated through
the equations described in Tibayrenc et al. (2011). For the cell
inhibitor conditions, both inhibitors were added after inocula-
tion. Prior to the addition of HMF and furfural, the spectros-
copy probe signal was allowed to stabilize with the inoculum
for 15 min, and a zero signal was marked in the software.

Determination of glucose, organic acids,
and inhibitors

Quantification of glucose was performed by high-
performance liquid chromatography (HPLC) using an
Agilent (Santa Clara, CA, USA) HPLC (1220 Infinity)
equipped with a refractive index monitor. Separations were
performed on a Bio-Rad (Hercules, CA, USA) Aminex
HPX-87H column (300 mm x 7.8 mm, 9 um) at 50 °C using

5 mM H,SOy, as the mobile phase (0.5 mL min ") for 30 min.
For organic acids (acetic acid, formic acid, levulinic acid, ma-
lic acid, pyruvic acid, and succinic acid), the same column and
conditions were used, and compounds were quantified by a
wavelength UV detector at 210 nm. Furfural and HMF were
analyzed using an Agilent (Santa Clara, CA, USA) Zorbax
Eclipse Plus C18 column (4.6 mm x 250 mm, 5 pm) at 25
°C in a mobile phase consisting of (A) 2.5% formic acid in
water and (B) 100% methanol. A gradient from 0 to 48% B
was performed for 55 min at a flow rate of 0.8 mL min .
Peaks were quantified using several UV wavelengths (262.5
nm, 275.5 nm, 295.5 nm, and 342.5 nm).

0, and CO, exhaust gas analysis

The consumption of O, and the production of CO, were mea-
sured on-line from the analysis of gases exhausted at the re-
actor outlet with BlueSens (Herten, Germany) gas analyzers,
and the data were obtained with BACV software (Ver.
7.6.2.1). The O, concentration in the atmosphere was taken
as the initial concentration (21%).

Cell size and cell viability

The cell size was measured using a CASY® cell counter
Model TT from Roche Innovatis AG (Reutlingen,
Germany). Cell suspensions were diluted 1 x 10°~1 x 10* in
an electrolyte/buffer (CASYton®) before measurement. To
analyze the results, the CASY Excel® 2.4 software was used.
To validate the cellular viability, colony forming units (CFUs)
were counted, and the growth was carried out in YPD
medium.

Lipid profile in cell membrane

For lipid profile analysis of the cell membrane, lipid extraction
was carried out according to the protocol proposed by
Matyash et al. (2008) with some modifications (see supple-
mental material). Phospholipid quantification was carried out
by high-performance thin layer chromatography (HPTLC)
(see supplemental material). As standards, phosphatidyletha-
nolamine (PE-P7943), phosphatidylcholine (PC-P3556), and
phosphatidylinositol (PI-P0639) were used. All standards
were acquired from Sigma-Aldrich® (St. Louis, MO, USA).

Results
Cell dielectric properties and kinetic parameters
To investigate the dielectric property variations in the yeasts

K. marxianus SLP1 and S. cerevisiae ERD during aerobic
growth, cell permittivity was measured on-line with the
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Fogale® (Nines, France) dielectric spectroscopy probe during
batch cultures under control and stressed conditions.
Figure 1al, bl depict the permittivity signal for S. cerevisiae
and K. marxianus under control conditions, respectively,
where the behavior was similar to that obtained with conven-
tional techniques. The same behavior was observed even in
the presence of furan aldehydes (Fig. 1a2, b2). Under stressed
conditions, during the lag phase, low permittivity (< 1 pF
cm ') values were determined by the spectroscopy probe.
Additionally, dielectric properties such as Cm and oy, could
be calculated with the dielectric spectroscopy probe. The Cm
was associated with glucose uptake, so in control conditions,
at the beginning of the fermentation, the parameter Cm had a
value of approximately 12 and 10 (uF cm™?) for the strains
ERD and SLP1, respectively (Fig. lal, bl). Cm decreased in
magnitude as the fermentation carried on, apparently at a sim-
ilar rate as glucose decreased (Fig. 2); the transfer or assimi-
lation of nutrients indicated that the membrane was active.
Finally, the parameter Cm remained constant when glucose
was almost consumed (Fig. 1al, b1). However, the parameter
Cm was drastically affected by furan aldehydes in both yeasts,
showing a decrease of 70% in magnitude compared with that
under control conditions at the beginning of the kinetics (Fig.
la2, b2). However, the value of Cm slowly increased when
furan aldehydes begin to be metabolized, reaching a maxi-
mum value of 4.4 puF cm 2 for SLP1 at 4 h, while the value
for ERD only reached 2.1 uF cm 2, half of the value for SLP1.

In the control culture, at time 0 h, both strains had an initial
o1, 0f 2 mS cm™ !, which suddenly increased at 2 h to a max-
imum of 15 mS cm ! and 16.5 mS ¢cm ! for ERD and SLP1,
respectively. Afterwards, the magnitude of oy, decreased with
time and remained constant until the stationary phase, with
values of 7 mS cm ! for ERD and 5.5 mS ¢cm ' for SLP1
(Fig. lal, bl). During stress, inhibitors had a direct effect on
o1 In the beginning, both strains presented low values for o7,
This result is in concordance with the cell population profile
during the lag phase; then, oy, increases in magnitude when
furfural is totally consumed and until total glucose depletion,
to then decrease for the rest of the kinetics experiment (Fig.
la2, b2). For SLP1, the oy, after 24 h showed a null signal
(Fig. 1b2). As mentioned earlier, both yeast strains decreased
in Cm and o7, in the presence of inhibitors compared with the
control conditions; however, while ERD did not present
changes in Cm and oy, in the lag phase, SLP1 showed an
increase in Cm.

To validate the physiological changes detected by dielectric
spectroscopy, the physiological and kinetics parameters (cell
population, specific growth rate, substrate consumption rate,
HMF consumption rate, furfural consumption rate, organic
acid production, cell size dispersion, and respiratory capacity)
were determined in aerobic batch fermentations under control
and stressed conditions. Figure 2al, bl depict the kinetic be-
havior of the cell population and glucose consumption of the
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strains ERD and SLP1 under control conditions. Both strains
began to grow almost from the inoculation time, and no lag
phase was observed. ERD and SLP1 uptook glucose from the
initial fermentation time and consumed it in approximately 7
h, matching the time when the biomass reached the maximum
growth. Figure 2a2, b2 show the behavior of the same strains
and parameters when 25.75 mM HMF and 15.61 mM furfural
were added into the bioreactor. At first, the addition of furan
aldehydes inhibited cell growth, prolonging the lag phase in
both strains compared with that in control fermentations; how-
ever, the yeasts were able to reduce both inhibitors, and once
inhibitors were reduced, the cellular growth was restored. One
of the main effects observed was that the cell growth de-
creased 30% and 11% for ERD and SLPI, respectively (Fig.
2a2, b2). Glucose consumption was hampered by the effect of
the inhibitors, which was more evident for K. marxianus;
however, this strain showed a higher inhibitor reduction rate
and, consequently, a shorter lag phase than S. cerevisiae
(Table 1). The cell population and CFUs (Supplemental Fig.
S1) in both yeasts behaved similarly to the permittivity signal
under control and stressed conditions.

Organic acid production, O, uptake, and CO,
evolution

Under control conditions, O, was consumed from the begin-
ning of fermentation, reaching its minimum concentration at
8 h for both K. marxianus SLP1 and S. cerevisiae ERD yeasts,
although the O, consumption was small for SLP1. The same
trend was found for the CO, production; ERD yeast produced
a more significant percentage than SLP1 (Fig. 3al, bl). In the
presence of inhibitors, yeast respiration was limited since O,
consumption was not detected until furfural was reduced (Fig.
3a2, b2). On the other hand, the maximum CO, production
was observed at the exponential phase and declined later, in-
dicating that most of the glucose in the medium was depleted.

Table 1 Kinetic parameters for S. cerevisiae ERD and K. marxianus
SLP1 under control and inhibitor conditions

Condition  fiax T 'sh st

Saccharomyces cerevisiae ERD

Control 034+0.01 051+0.03 - -

Stress 031+0.01 030+0.02 0.75+£0.02 0.51+0.05
Kluyveromyces marxianus SLP1

Control 038+0.02 0.63+0.02 - -

Stress 040+0.02 056+0.01 0.87+£0.05 0.70+0.02

Imax Specific growth rate (h™"), 7, substrate consumption rate (g L
K, rsn HMF consumption rate (g L'hh, rer furfural consumption
rate (g L' h™'). Inhibitory conditions are 27.75 mM HMF and
15.61 mM furfural. All kinetic parameters were calculated in the expo-
nential phase
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For organic acids, in control cultures, ERD and SLP1
produced succinic acid from the exponential phase (ap-
proximately 0.5 g L"), but it was metabolized during
the stationary phase; only SLP1 was able to completely
degrade succinic acid after 12 h (Fig. 4al, bl). Small
concentrations of malic acid that were quickly consumed
were also found (data not shown). The yeast ERD dou-
bled the succinic acid concentration under the stress sce-
nario and after furfural reduction compared with the con-
trol conditions, reaching a maximum value of 0.88 g L!
at 24 h. On the other hand, the succinic acid concentration
produced by SLP1 was 0.31 g L' at 24 h, one-third of
that produced by ERD. Acetic acid was only generated in
stressed cultures after the consumption of furfural (Fig.
4a2, b2). The malic acid concentration detected during
the growth kinetics was lower than the succinic acid con-
centrations, and the maximum malic acid concentration
was 6.64 mg L' for ERD and 3.81 mg L' for SLPI
(data not shown).

Cell size dispersion

The cell diameter variation was determined for K. marxianus
SLP1 and S. cerevisiae ERD. Under control conditions, the
cell diameter for both strains increased during the exponential
phase, and when the culture reached the stationary phase, the
diameter gradually decreased until it remained constant; at the
stationary phase, the average mean diameter was 4.41 pum for
ERD and 3.94 um for SLP1 (Supplemental Fig. S1). Under
inhibitory conditions, both strains maintained their cell size
during the lag phase; subsequently, when the inhibitors were
reduced, an increase in cell diameter was observed due to the
restoration of cell growth. The mean average diameter for both
strains during the stationary phase was higher in the presence
of furan aldehydes than under the control conditions, present-
ing values of 4.94 um and 3.99 um for ERD and SLP1, re-
spectively (Supplemental Fig. S1). Additionally, during the
lag phase caused by furan aldehydes, a greater dispersion of
cell size (with smaller subpopulation) was found for both
strains (Supplemental Fig. S2).

Evaluation of membrane phospholipids

Under control conditions, no membrane phospholipids
were detected for S. cerevisiae ERD, while for
K. marxianus SLP1, only PE was detected (Table 2).
ERD and SLP1 showed changes in the membrane phos-
pholipid profile caused by furan aldehydes. Under inhib-
itory condition, only PE was observed and it was the
condition that presented the highest concentrations of this
phospholipid for both strains (Table 2).

Discussion

The efficiency of bioprocesses depends on the level of under-
standing and controlling the physiological state of the cell
population. In the specific case of the production of second-
generation ethanol, the productivity is strongly affected by
changes in the cellular state caused by inhibitory compounds
such as HMF and furfural. In this study, at the beginning of the
cultures, the cell growth was vulnerable to the inhibitors,
which increased the interval of the lag phase compared with
that of control cultures (Fig. 1). Similar results have already
been reported by other authors (Liu et al. 2004; Ma and Liu
2010; Sehnem et al. 2013). Kinetic parameters were also af-
fected in both strains by furan aldehydes; however,
K. marxianus SLP1 showed a better capacity to biotransform
both inhibitors; this response has already been reported in
previous work (Flores-Cosio et al. 2018), and it is suggested
that the strain SLP1 may be better adapted to stressful envi-
ronments because it was isolated from the fermentation pro-
cess of mezcal, which is carried out under hostile environmen-
tal conditions such as high concentrations of initial sugars,
high or low temperatures, and the presence of growth inhibi-
tors (saponins). Additionally, under inhibitory conditions,
some differences regarding the organic acid production be-
tween S. cerevisiae ERD and K. marxianus SLP1 were found;
for example, ERD produced twice the succinic acid concen-
tration that SLP1 did. The production of succinic and acetic
acids contributed to maintaining the redox balance of the cell;
however, only acetic acid has been associated with the reduc-
tion of furan aldehydes (Flores-Cosio et al. 2018).

The inhibition and restoration of growth after the reduction
of inhibitors were clearly detected and observed through the
permittivity. Diverse studies have reported changes in the di-
electric properties of cells caused by several factors (Patel and
Markx 2008; Tibayrenc et al. 2011). Patel et al. (2008) studied
cell permittivity variations in S. cerevisiae exposed to different
lethal environmental stresses, and they concluded that large
changes in capacitance (due to cell death) directly affect the
permeability of the membrane and, consequently, the conduc-
tivity of the membrane and the internal conductivity. When
the cell membrane is compromised, the membrane capaci-
tance decreases, as observed in this research, furan aldehydes
decrease permittivity, suggesting damage to the cell mem-
brane. Therefore, the effect of furan aldehydes on membrane
phospholipid composition was analyzed.

Phospholipids of the cell membrane are an important com-
ponent for the fluidity and permeability of the membrane; they
are sensitive to changes in the chemical and physical proper-
ties of the environment. The changes found in this study on
membrane phospholipids showed an increase in the levels of
PC and PE caused by furan aldehydes; the entry of these
compounds into the cell alters the membrane composition
and consequently also inhibits growth. PC is very important
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Table 2 Evaluation of membrane
phospholipids for S. cerevisiae

Saccharomyces cerevisiae ERD

Kluyveromyces marxianus SLP1

ERD and K. marxianus SLP1

under control and inhibitor Condition Condition
conditions
1 2 1 2
Phospholipid (ug uL™h
PC n. d. n. d. 0.49 +0.01 n. d.
PE n. d. 2.47+0.38 1.83+0.12 478 +1.11
PI n. d. n. d. n. d. n. d.

The extraction and quantification of phospholipids was performed at 24 h. PC phosphatidylcholine, PE phos-
phatidylethanolamine, P/ phosphatidylinositol, n. d. not detected. 1 = control, 2 =27.75 mM HMF and 15.61 mM

furfural

in the protection of cells and can provide higher membrane
permeability (Xia and Yuan 2009). On the other hand, PE
plays an important role in membrane fusion/fission events
(Siegel and Epand 1997). An increase in PE has been ob-
served, causing a greater curvature in the membrane that fa-
cilitates its fluidity (Van Der Rest et al. 1995). The increase in
PE and PC levels by furan aldehydes suggests greater mem-
brane fluidity, making the insertion of the inhibitors into mem-
brane bilayers easier. In a previous work, it has been reported
that the addition of inhibitors changes the composition of cell
membrane phospholipids and disturbs the fluidity of the mem-
brane (Xia and Yuan 2009), which is consistent with the one
observed in this research.

A second dielectric property that presented changes with
furan aldehydes was Cm. Cm is the membrane capacitance per

S

Fig. 1 Dielectric properties. (a)
S. cerevisiae ERD. (b)
K. marxianus SLP1. (1) control,
(2) 27.75 mM HMF and
15.61 mM furfural; symbols de-
note permittivity (), specific
membrane capacitance (Cm, 0),
intracellular conductivity (oy,

), glucose depletion (), HMF
depletion (— —), and furfural
depletion (- -)
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unit area and refers to the ability of the plasma membrane to
accumulate electrical charge. It has been shown that variations
in membrane fluidity can change the Cm (Ferris et al. 1990);
however, the changes observed in this research by furan alde-
hydes may be influenced by other important cellular factors.
Previous researches have indicated that changes in Cm are
largely associated with cell membrane morphology such as
microvilli, ruffles, and folds (Dopp et al. 2000;
Zimmermann et al. 2008; Wang et al. 2012) and can be
interpreted as a measure of wrinkles (level of folding of the
cellular membrane); due to these characteristics, Cm may re-
flect the complexity of cell surface morphology (Patel and
Markx 2008; Patel et al. 2008). Other studies have mentioned
that apoptosis (Pethig and Talary 2007), expression of plasma
proteins (Zimmermann et al. 2008), and viral infections
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(Ansorge et al. 2007) can influence the values of Cm due to
processes directly related to the cell membrane morphology.
Because furan aldehydes disturb and affect the entire cell, it is

Fig. 3 Exhausted gases and
organic acid production. (a)

S. cerevisiae ERD. (b)

K. marxianus SLP1. (1) control,
(2) 27.75 mM HMF and

15.61 mM furfural; symbols de-
note CO, (@), O, (D), acetic acid
(#), succinic acid (7), glucose
depletion (), HMF depletion (—
—), and furfural depletion (- -)
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suggested that the changes in Cm observed in this investiga-
tion are mainly attributed to membrane damage and metabolic
changes caused by HMF and furfural.
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Fig. 4 Schematic diagram of the damage in yeast caused by furan aldehydes

The variations in intracellular conductivity (oy,) could in-
dicate an exchange of material between the cytoplasm and the
medium; however, no changes were observed in the conduc-
tivity of the medium until several hours after the steady state
was reached, indicating that this variation was not caused by
ionic leakage. In a previous work performed by Tibayrenc
et al. (2011), oy, was used as a stress-sensitive cell state indi-
cator. The increase in oy, during the exponential phase sug-
gests that the cells are active. The decrease in oy, agrees with
the total consumption of the carbon source and is reaching the
stationary phase, which occurs when the nutrients of the me-
dium have been exhausted and there is no cell division. Under
stressful conditions, oy, was significantly affected in ERD and
SLPI1 yeasts. As previously observed during the adaptation
phase, the cells are committed to reducing the furan aldehydes
in the medium, so there is no growth, and the oy, is also
consequently affected. This behavior was reflected in low
values of oy, which indicate low cellular activity and possible
cellular damage caused by the furan aldehydes. It has been
reported that furfural causes an accumulation of reactive oxy-
gen species (ROS) and generates cellular damage, including
damage to the mitochondria, the vacuoles, and the actin cyto-
skeleton (Allen et al. 2010). In other investigations, induced
morphological changes, late apoptotic/necrotic cells, and ther-
mal stress caused a decrease in oy, (Labeed et al. 2006;
Ansorge et al. 2010; Tibayrenc et al. 2011). Tibayrenc et al.
(2011) mentioned that other possible causes that can lead to a
variation in the oy, are due to the cytoplasmic electrical prop-
erties and the production of certain components that are capa-
ble of affecting the viscosity of the cytosol and the mobility of
the ions, such as the accumulation of trehalose and glycogen;
however, more research is required to correlate the oy, varia-
tions with physiological events.

In addition to the changes in the dielectric properties,
changes in the cell size of the yeasts were also observed.

@ Springer
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Size dispersion is an important characteristic of the adaptation
process that influences almost all aspects of cell physiology,
resulting in its role as a valuable indicator of physiological
state. It can be an important selective trait for survival under
constantly changing environments and nutrient limitation. The
maintenance of cell size requires homeostasis between mac-
romolecule synthesis and degradation and, in multicellular
systems, is closely linked to nutrient and growth factor avail-
ability. Yeast cell age, progression through the cell cycle, and
even process conditions are some of the effectors that can
cause a change in yeast cell size. Various authors have shown
the importance of cell size measurements in studying the re-
sponse of yeast cells under different types of stress, such as
heat stress (Tibayrenc et al. 2010), osmotic stress (Kiehl et al.
2011), oxidative stress (Belo et al. 2005), and ethanol stress
(Maetal. 2013). In this study, we observed that under stressful
conditions such as a lack of carbon source or a furan aldehydes
presence, size dispersion increased, and the average cellular
size decreased. In the stationary phase, various subpopulations
were found under control conditions, which we attributed to
the lack of nutrients. This behavior was also observed in the
presence of inhibitors. In the presence of a rich source of
nutrients, the cells maintained a high level of macromolecular
synthesis to promote growth and increase size. Conversely,
limitations in the nutritional environment restrain protein syn-
thesis to conserve crucial metabolites and consequently re-
duce size. Under conditions of poor nutrition, cells can adapt
to maintain growth and continue to survive, although at a
smaller size. On the other hand, the increase in size dispersion
observed during the lag phase caused by the furan aldehydes
could be due to the damage caused by the inhibitors. For both
strains during the lag phase, the subpopulations with a smaller
cell size increased approximately 20% in abundance in com-
parison with their abundance under control conditions
(Supplemental Fig. S1). Tibayrenc et al. (2011) found an
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increasing subpopulation of significantly smaller cells when
cells were submitted to thermal stress and observed the same
results after adding acetate (5 g L") or furfural (52 mM).

Figure 4 shows all the physiological changes that furan
aldehydes cause to yeasts and their correlation with di-
electric properties, and Supplemental Table S1 shows the
different physiological states that were detected using the
dielectric properties. Three physiological states were ob-
served under the stress with furan aldehydes; we defined
them as the adaptation, replicating, and nonreplicating
states. During the adaptation state, there are low and sta-
ble signals of permittivity, Cm, and oy,; the cells in this
state show growth, and substrate/oxygen consumption
stopped; additionally, there is a decrease in cell size and
low viability. In the replicating state, cell growth and
substrate/oxygen consumption are restored while cell via-
bility increases; the permittivity and oy, increase rapidly,
while the Cm decreases. Finally, in the nonreplicating
state, the permittivity stabilizes and reaches its maximum
values, Cm 1is also stabilized but has a very low signal,
and oy, reaches its maximum values; however, unlike the
permittivity, the oy, decreases rapidly and subsequently
stabilizes.

Cells under stress conditions undergo changes in their
physiology, and the cells stressed with furan aldehydes are
able to grow after a long period of adaptation. However, the
yeasts showed altered metabolism (reduced metabolic and
growth rates, production of metabolites) that produces devia-
tions in the normal processes of the cell. This research showed
that furan aldehydes cause considerable changes in the dielec-
tric properties of the cell and that these changes have a direct
correspondence with the physiological state of the yeast,
which was validated by conventional techniques. The present
study, using two biotechnologically interesting yeasts,
S. cerevisiae ERD and K. marxianus SLP1, contributes to
the knowledge of the correlation of the physiological state of
the yeasts under control and stress conditions and on-line
monitoring by dielectric spectroscopy. The results presented
here can be useful in the monitoring and control of
bioprocesses to manage the environmental conditions to
know, for instance, the adaptive responses of yeasts to stress,
to follow yeast growth and physiological state on-line, and
even to adjust the medium composition to increase metabolite
productivities.
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