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 1 
Abstract 2 

 The overall objective of this work was to investigate the modifications that occur in 3 

Bacillus subtilis lipid membrane during induced oxidative stress caused by reactive 4 

oxygen species (ROS), via an electrophysiological approach. Further, based on the 5 

results, we have developed and demonstrated a novel strategy to enhance specific enzyme 6 

production. Electrical parameters such as phase angle (θ), impedance (Z), capacitance (C) 7 

and breakdown voltage of reconstituted bilayer lipid membrane (BLM) composed of 8 

lipids extracted from non-stressed, mildly stressed (2.5 mM H2O2) and strongly stressed 9 

(2.5 mM H2O2 with 100 μM FeSO4) B. subtilis were compared. Strongly stressed BLM 10 

showed  lower values of θ (10°), Z (0.4 Mohm), and breakdown voltage (100 mV) in 11 

comparison with those observed for non-stressed BLM, i.e. 30°, 0.5 Mohm and 250 mV, 12 

respectively.  The capacitance of strongly stressed BLM, however, was higher (2.28 nF) 13 

compared to that of the non-stressed BLM (0.4 nF).  These results suggest that under 14 

strongly stressed conditions, the lipids were loosely packed that resulted in a more 15 

permeable BLM. The higher permeability seems to result, unexpectedly, from a higher 16 

unsaturated fatty acid (UFA) synthesis and membrane incorporation (UFA fraction 17 

increased by 227%), and expectedly, from increased lipid peroxidation (increased by 18 

nearly 200%) in the BLM.  A strategy that is based on increased membrane permeability 19 

due to induced ROS, enhanced specific amylase and protease production under oxidative 20 

stress by 62% and 137%, respectively. 21 

     22 

     23 

24 
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Introduction 1 

The cell membrane acts as a selective permeable barrier, and the hydrophobic chains 2 

of lipids disallow transport of polar solutes and ions across it [1]. The cell can regulate its 3 

membrane permeability through a change in its lipid composition [2]. Also, the lipid 4 

composition of the membrane is significantly determined by the environmental 5 

conditions of the cell [3, 4]. For example, when Bacillus subtilis cells were subjected to 6 

low temperature, an increased incorporation of unsaturated fatty acids (UFA) and 7 

decreased incorporation of saturated straight chain was observed [5, 6]. The UFA have 8 

lower melting points compared to their saturated counterparts, and hence the membrane 9 

fluidity is maintained during cold shock [7]. Similar changes in lipid composition when 10 

cells were subjected to salt, thermal, or acid stress have also been reported [5].  The effect 11 

of oxidative stress, however, and more specifically, the effect of reactive oxygen species 12 

(ROS) on B. subtilis cell membrane composition and properties have not been reported. 13 

Oxidative stress is caused by the family of ROS that predominantly includes 14 

superoxide ion, hydroxyl free radical and hydrogen peroxide [8]. Addition of hydrogen 15 

peroxide, a weak inducer of oxidative stress, to the medium can be used to deliberately 16 

induce hydroxyl radical formation in bacteria to study cellular response [9]. To cause a 17 

more severe stress through higher concentration of hydroxyl radicals, FeSO4 can be 18 

supplemented in growth media; the Fe2+ present in media quickly reacts with H2O2 to 19 

produce hydroxyl radical by Fenton’s reaction [10]. The overwhelming production rate of 20 

hydroxyl radical from H2O2 is unmatched to the increase in the rate of H2O2 quenching 21 

by catalase and glutathione peroxidase, which leads to induced oxidative stress [11, 12].  22 
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The hydroxyl radical is the most deleterious ROS, and it damages bases of DNA, 1 

leads to protein carbonylation and lipid peroxidation [13, 14]. The UFA in membrane 2 

lipids are highly susceptible to damage by the hydroxyl radicals. They undergo lipid 3 

peroxidation wherein carbonyl compounds such as malondialdehyde (MDA) and 4-4 

Hydroxy alkenals (HNE) are formed as byproducts. The amount of MDA formed has 5 

been used as an oxidative stress index [15].    6 

Bimolecular/bilayer lipid membrane (BLM) has been used to study changes in 7 

cellular membrane permittivity, permeability and transport across bilayer [16] during 8 

oxidative stress. BLM is known to behave as an electrical capacitor and exhibits electrical 9 

properties such as impedance, resistance, capacitance, etc., [17].  10 

An electrophysiological approach to study the changes in the electrical properties of 11 

the BLM formed from the lipids isolated from non-stressed and oxidative stressed B. 12 

subtilis cells have been used for the first time to infer the modifications that occur in B. 13 

subtilis cellular lipid bilayer during oxidative stress conditions.  Several electrical 14 

parameters of the B. subtilis BLM that will be helpful in mathematical modeling and 15 

electrophysiological studies have been determined in this work. The changes in lipid 16 

peroxidation and the UFA fraction have been investigated to understand the effect of 17 

oxidative stress on the BLMs.  From the results, the unsaturated fatty acids present in the 18 

form of phospholipid in B. subtilis cell membrane, during non-stressed and oxidative 19 

stress conditions have also been estimated. In addition, a novel strategy to improve 20 

specific amylase and protease productivity by B. subtilis through oxidative stress has 21 

been demonstrated.  22 

 23 

24 
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Materials and methods 1 

Bacterial strain and growth conditions. B. subtilis 168 was grown in bioreactor 2 

(Bioengineering AG, Switzerland) to a final volume of 2 l in 2.5% Luria Bertani (LB, 3 

Miler, Himedia, India) medium. For all experiments the reactor conditions were pH 7.0, 4 

30% dissolved oxygen and 37 °C temperature. The culture was harvested at the late log 5 

phase to achieve maximum cell yield for lipid isolation and to avoid cells from 6 

undergoing nutrient starvation or other stationary phase stresses. 7 

Oxidative stress induction procedure. The cells were exposed to two levels of 8 

oxidative stresses in different experiments.  To induce a mild oxidative stress condition 9 

(referred to as mild stress in this manuscript), 2.5 mM H2O2 was added to the culture at 10 

30 min intervals until onset of stationary phase. To induce a comparatively stronger but 11 

non-lethal stress (referred to as strong stress in this manuscript), 100 μM FeSO4 was 12 

added to medium just before inoculation and H2O2 was added every 30 min as above. No 13 

H2O2 was added to the control culture.  14 

Lipid isolation. For all three kinds of samples, the culture at late log phase was 15 

harvested by centrifugation at 12,000g for 10 min to pellet down the cells, followed by 16 

wash with saline (0.9% NaCl). The cells were used for lipid isolation and supernatant was 17 

collected to perform other assays. The lipid isolation procedure reported by Bligh and 18 

Dyer (1959) was used, in principle [18]. Briefly, for every 1 g of cell 8 ml saline, 20 ml 19 

chloroform (SRL, India) and 26 ml methanol (SRL, India) was added. 1 M sodium 20 

acetate buffer (pH 4.0) was added to a final concentration of 0.1 M. For the extraction of 21 

lipids the mixture was shook for 2 h. The lower chloroform layer was separated carefully 22 

using a separating funnel. The samples were concentrated by purging nitrogen gas to 23 
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evaporate chloroform and the extracted lipid samples were preserved in N2 environment 1 

at -40°C.  To confirm the quality of lipids, thin layer chromatography (TLC) [19] with 2 

chloroform:methanol (25:25) as the mobile phase and phosphate stain was used. 3 

Bilayer formation. 4% (w/v) dispersion of lipids in n-decane for all three kinds 4 

of lipids was prepared after completely evaporating chloroform using N2 gas. Both cis 5 

and trans compartments of polymethylmethacrylate (PMMA) chamber (custom made) 6 

were filled with 3.5 ml of bath solution (HEPES buffer pH 7.0, 0.05 M KCl). Salt bridge 7 

and Ag/AgCl electrodes were used for electrical contacts. 5 μl of lipid dispersion was 8 

applied by micropipette to aperture (area 0.00705 cm2) and left for 30 min for 9 

stabilization. BLM formation was monitored by following membrane capacitance (in AC 10 

studies) and current (in DC studies).  11 

Determination of BLM electrical properties. The electrical properties of the 12 

BLM, namely capacitance (C), resistance (R), impedance (Z) and theta (θ) were 13 

determined using frequency dependent dispersion (at constant voltage of 40 mV) and 14 

voltage dispersion (at constant frequency of 100 Hz).  The LCR meter (Chroma 1062A, 15 

Chroma Ate Inc., Taiwan) was used for the dispersion studies. The voltage and frequency 16 

was increased in steps every 3 min to observe change in BLM properties. 17 

 To determine the various relevant BLM parameters, namely, the constants A’, λ, 18 

time constant, τ, leakage current, DC capacitance and relative permittivity, ,  the 19 

membrane currents at different applied DC source voltages (40-150 mV) were 20 

investigated using Keithley 6514 electrometer (Keithley Instruments Inc., Ohio). In the 21 

circuit that was set up, the BLM was in series with 1 Gohm resistor and an ammeter. 22 

Charging and discharging of BLM was done by connecting and disconnecting the 23 
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variable DC supply respectively. Data acquisition was done using computer interfacing 1 

software (Exelinx) that recorded current across BLM at a frequency of 2.59 Hz. 2 

Generated data was processed using MS Excel 2003 and MATLAB 7.0. Curve fitting, 3 

equation parameters estimation and charge vs. time graph were made using standard 4 

MATLAB command lines. 5 

Lipid peroxidation estimation: MDA assay. A standard MDA assay procedure 6 

[20] was followed, in principle, and the details are as follows.  Lipids, 0.15 ml, dissolved 7 

in chloroform were vacuum-dried and weighed before the assay. Chilled tri-chloro acetic 8 

acid (TCA) (10% w/v), 0.1 ml, was added to the isolated lipid sample and kept on ice for 9 

15 min to get a de-proteinized membrane sample. Contents were centrifuged at 12,000g 10 

for 10 min, and to the supernatant, 0.2 ml of thiobarbituric acid, TBA (Himedia, India) 11 

(67 mg TBA in 1 ml DMSO and 9 ml of water) was added and heated for 30 min at 95 12 

°C. To estimate the protein “bound” MDA, 0.2 ml culture supernatant was processed as 13 

above with a few modifications. The modifications: after TCA addition the sample was 14 

centrifuged, 0.35 ml of TBA was added to the supernatant and kept at 95 °C for 15 min. 15 

OD at 532 nm was used to determine specific MDA level in lipids, and in the 16 

supernatant. The standard curve was prepared using 1,1,3,3- tetramethoxypropane 17 

(Himedia, India) [21]. 18 

UFA fraction estimation: Iodine number. Isolated lipids were diluted in 2 ml of 19 

chloroform such that final concentration was 2-3 mg ml-1. 3 ml of pyridine sulfate 20 

dibromide solution was added and incubated for 15 min at 25 °C. After addition of 0.5 ml 21 

of KI (10%) final solution was titrated with 0.02 N Na2S2O3. By using the standard 22 

relation that 1 ml of 0.1 M sodium thiosulphate solution = 0.01269 g of iodine. Iodine 23 
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number is given by following formula where a is blank titration volume, b is volume of 1 

0.02 N Na2S2O3 consumed and c is weight of phospholipid sample in g [22].  2 

numberIodineX
c

ba

2
27.1

 3 

Protease estimation. Protease estimation was done as reported earlier [9]. 4 

Briefly, to 0.5 ml of supernatant 0.2 ml of azocasein (sigma) solution was added and 5 

incubated for 1 h at 37°C. The reaction was stopped by addition of 0.3 ml of TCA (10% 6 

w/v) and samples were then centrifuged at 15,000g for 5 min. 0.8 ml of supernatant from 7 

each tube was transferred to another glass tube and 0.4 ml NaOH (2 M) was added. The 8 

contents were mixed and absorbance was monitored at 440 nm against a blank. Standard 9 

curve was plotted using known amount of trypsin (Sigma). 10 

Amylase estimation. 50 μl of supernatant was added to 0.25 ml of starch (SRL, 11 

India) (1% w/v) and incubated for 1 h at 50 °C. The reducing sugars formed were 12 

determined by adding 0.5 ml of 3, 5-dinitrosalicylic acid (DNS) and heating at 90°C for 13 

15 min. OD at 540 nm was determined and one unit of α-amylase is defined as the 14 

amount of enzyme required to produce 1 μM of reducing equivalents per minute from 15 

soluble starch under the assay conditions. The standard curve was made using 16 

glucose[23]. 17 

 18 

19 
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Results and Discussion 1 

 2 

Oxidative stress modifies the electrical properties of B. subtilis BLM  3 

To understand the effects of oxidative stress on the B. subtilis lipid membrane, the 4 

isolated lipids from non-stressed, mildly- and strongly- stressed cells were reconstituted 5 

to form BLMs. The BLM acts as a capacitor with the hydrocarbon chains as the dielectric 6 

and the polar head groups as charged plates [24].  Four different electrical parameters for 7 

non-stressed, mildly- and strongly- stressed BLMs, such as phase angle (θ), impedance 8 

(Z), capacitance (C) and breakdown voltage were compared to understand the possible 9 

modifications in the membrane structure and composition that occur during oxidative 10 

stress.          11 

   The value of the phase angle (θ), between the voltage, V, and the current, I, of the 12 

capacitor [25], indicates the ability of the BLM capacitor to prevent passage of current 13 

through it. In standard representation, V = V0 sin(ωt), and I = I0 sin(ωt + θ), where V0 is 14 

the maximum voltage, I0 is the maximum current, ω is the angular frequency of AC 15 

voltage, and t is time.  Saturated chains of lipids pack well in a BLM due to their straight-16 

chain geometries; the well stacked lipids improve the dielectric nature of the BLM [26], 17 

and disallow charge leakage, which result in a larger phase angle. On the other hand, the 18 

unsaturated or branched chains of lipids or short chained lipids pack loosely in a BLM 19 

[27]; the loose packing facilitates charge leakage across the BLM, reduces its dielectric 20 

nature, and thus results in smaller phase angle values and higher currents.  21 

The BLM formed from non-stressed B. subtilis lipids (non-stressed BLM) was found to 22 

possess a phase angle (θ) of nearly 30° at 40 mV and 100 Hz after 2 h.  The relatively 23 
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low θ value of non-stressed BLM may be due to branched chain fatty acids (iso and 1 

anteiso) that are predominantly present (~95%) in B. subtilis membrane [19]. The θ 2 

values for mildly and strongly stressed samples were found to be even lower at 15° and 3 

10° respectively under similar conditions. Physiologically, the θ value signifies disorder 4 

in the arrangement of lipids in cell membrane. Our results suggest that the strongly 5 

stressed BLM has maximum disorder in lipids packing followed by mildly stressed BLM. 6 

Further, non-stressed BLM which has highest phase angle amongst the three BLMs, has 7 

the most efficient packing. The lower leakage current in the non-stressed BLM (Table 1) 8 

also implies better packing efficiency of lipids. 9 

The impedance (Z), typically a representation of the opposition to current in an AC 10 

circuit, is used here as a measure of the overall resistance of the passage of current across 11 

the BLM. The higher values of impedance, Z may be due to the presence of well stacked 12 

lipids, which act as an insulator (dielectric) between the conducting, buffer-filled, cis and 13 

trans aqueous compartments (plates of capacitor) [28]. Voltage dispersion, in which the 14 

voltage was increased in steps with time and frequency of AC current was kept constant; 15 

and frequency dispersion, in which the frequency was increased in steps with time and 16 

voltage of AC current was kept constant, were used to study impedance of non-stressed, 17 

mildly stressed, and strongly stressed BLMs. The increase in applied voltage during 18 

voltage dispersion studies is known to increase the distribution of ions at BLM-bulk 19 

interface, which in turn, leads to membrane perturbation. Such perturbations cause the 20 

formation of small breaches and defects in the BLM, which may provide passage for the 21 

conduction of ions, and thus, result in decreased impedance [24].     22 
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We observed a constant decrease in impedance with increasing voltage and frequency 1 

in the case of voltage and frequency dispersion studies respectively (Figure 1).  In voltage 2 

dispersion studies with non-stressed BLM, a decrease in impedance from 3.73 Mohm at 3 

40 mV to 0.24 Mohm at 250 mV, implies a proportionate increase in conductance of 4 

charges across the BLM (Figure 1a). At 150 mV, the non-stressed BLM and the mildly 5 

stressed BLM have nearly the same impedance of  about 0.5 Mohm, which was found to 6 

be higher than the impedance of strongly stressed BLM (0.4 Mohm). In the case of 7 

frequency dependent dispersion of impedance shown in Figure 1b (Bode plot), it is 8 

observed that there is a decrease in impedance values for all three types of BLMs (non-9 

stress, mildly stressed and strongly stressed) with increasing frequency. This is typical of 10 

a capacitive circuit. At low frequencies, a capacitor blocks the current while at high 11 

frequencies, current is free to flow through the capacitor and the limiting parameter is the 12 

resistance. However, it is noticed that the decrease in impedance for the mildly stressed 13 

and strongly stressed BLMs are higher than those observed for non-stressed BLM 14 

indicating a lower resistance for flow of current. These results imply that the stacking 15 

defects caused in BLMs due to oxidative stress can lead to an altered membrane 16 

physiology as a result of change in membrane permeability during oxidative stress, which 17 

is further investigated in the following sections. The stacking ability seems to be the 18 

maximum in the strongly stressed BLM, which had the lowest impedance values or the 19 

highest conducting ability. It is the minimum in the strongly stressed BLM, which had the 20 

highest impedance values or the lowest current conducting ability.  These results are thus 21 

consistent with our previous results. 22 
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The capacitance (C) reflects the charge storing ability of BLM across the two parallel 1 

plates, formed at BLM-bulk interface, and dielectric of BLM-capacitor is formed by 2 

hydrocarbon chains of well stacked lipids between two such plates. The capacitance is 3 

directly proportional to the membrane area, Ar, and inversely proportional to the BLM 4 

thickness, d, and is expressed as C = ε0εr (Ard
-1

), where ε0εr is the relative permittivity of 5 

the dielectric formed by hydrocarbon chains of lipids [29] (Figure 2a). As the voltage is 6 

increased across BLM, more ions form the bulk approach zwitter-ionic polar heads at the 7 

BLM-bulk interface. This continuous increase of ionic pressure on ultra thin bilayer 8 

causes a strain to BLM that leads to decrease in d or/and increase in Ar and net result is 9 

increased C [30].   10 

.  In a voltage dispersion study, the BLM capacitance was found to increase with 11 

increasing AC voltage (Figure 2b). The BLM capacitance at 40 mV for non-stressed, 12 

mildly and strongly stressed samples was observed to be 0.34 nF, 0.85 nF, and 1.45 nF, 13 

respectively. With a further step increase in voltage, there was a gradual increase in 14 

capacitance of all the three types of BLMs. At 150 mV, the non-stressed BLM C value 15 

increased to 0.4 nF. The mildly and the strongly stressed BLMs, however, showed a 16 

higher increase in C with values reaching, 1.22 nF and 2.28 nF respectively. 17 

The increased C in the strongly stressed BLM can be due to two reasons. One, the 18 

addition of oxidized functional group due to lipid peroxidation of UFA changes the 19 

conformation of lipid, such that the oxidized tails bend towards the aqueous phase [31]. 20 

Exposure of such polar groups in oxidized lipids to ions present in the aqueous phase 21 

leads to increased charge (Q) binding ability of the BLM-capacitor (Q increase in C = 22 

QV
-1). The second reason for the increase in C could be a high ionic pressure caused due 23 
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to increased ionic interaction with oxidized functional groups further compress the BLM 1 

causing its thinning. A decrease in the thickness of membrane (decreased d in C = ε0εr 2 

(Ard
-1

)) results in increased C values (Figure 2a). Similar conclusions are also obtained 3 

from the values of capacitance calculated from charge-discharge study of BLM (Table 1).  4 

The hydrocarbon chains of the bilayer, which form the dielectric of the BLM-5 

capacitor, are in continuous vibratory motion, and an increase in voltage creates 6 

deformities in the BLM leading to its breakdown [32]. The mildly and strongly stressed 7 

BLM showed a lower breakdown voltage of 150 mV and 160 mV respectively compared 8 

to 250 mV for the non-stressed BLM (Figure 2b). Since an increase in the hydrocarbon 9 

chain symmetry leads to better packing, and hence higher breakdown voltages, the results 10 

indicate a more symmetrical packing of lipids with lesser defects in non-stressed BLM as 11 

compared to mildly and strongly stressed BLM.  12 

The changes observed in the four electrical parameters (θ, Z, C and break down 13 

voltage) in our work, support the simulation results published earlier [31, 33-36], and 14 

reiterate that non-stressed BLM has a more robust arrangement in which the lipids are 15 

well stacked as compared to stressed BLM.  For example, molecular dynamics (MD) 16 

studies performed on phosphatidylcholine (PC) and sphingomyelin (SM) bilayers, with 17 

varying double bond position on hydrocarbon chain, suggested that lipids with saturated 18 

acyl chains are more tightly packed than their mono-unsaturated counterparts [34, 35]. 19 

Introduction of unsaturated chain increased the fluidity and decreased the packing density 20 

of lipids in the zone of unsaturation. An oxidizing free radical passing through this zone 21 

will have higher solubility in this zone than in the saturated area close to the polar heads. 22 

This increased disorder may increase the reactivity of hydroxyl radical with UFA, leading 23 



Page 14 of 37

A
cc

ep
te

d 
M

an
us

cr
ip

t

 14 

to lipid peroxidation [33]. Computer simulations, assuming a homogeneous or 1 

heterogeneous membrane composition, have also predicted that the lipids damaged due to 2 

peroxidation modify the organization of biological membrane [36] and can make the 3 

membrane more permeable due to the presence of oxidized lipids [31].  4 

Thus, both the phenomena i.e. increased UFA fraction with unsaturated chains in the 5 

bilayer and lipid peroxidation of these UFA, which contribute to the increased deformity 6 

in bilayer membrane, are expected to occur in B. subtilis cell during oxidative stress. 7 

 8 

Oxidative stress increases lipid peroxidation  9 

Lipid peroxidation has been known to occur when hydroxyl radical attacks the 10 

unsaturated lipids in cellular membranes [21]. The hydroxyl radical has a short half life 11 

of 10-9 s [37] and the lipid peroxidation rate constant is 5 X 108 M-1s-1.  Therefore, the 12 

hydroxyl radical quickly reacts with UFA leading to irreversible membrane damage [38]. 13 

The UFA in the cell membranes are oxidized to lipid peroxides, which in turn, are 14 

decomposed to carbonyl compounds such as malondialdehyde (MDA), which can be 15 

quantified using thiobarbituric acid (TBA assay), and used as a measure of lipid 16 

peroxidation. The MDA formed can be present along with the isolated lipids as well as 17 

with the proteins in the supernatant (protein “bound” MDA) [21]. 18 

  The results of the TBA assay presented in Figure 3a shows a 59% increase and a 19 

246% increase in MDA under mild and strong stresses, respectively, compared to the 20 

control, for the lipid fraction.  Similarly, a 7% and 124% increase in MDA under mild 21 

and strong stresses, respectively, compared to the control, was observed in the 22 

supernatant (Figure 3b). Since MDA is the byproduct of lipid peroxidation by hydroxyl 23 
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radicals, which results in the shortening of fatty acid chain length at points of 1 

unsaturation, the results indicate the extent of loss of UFA chain segments in the lipid 2 

bilayer.  The chain segment loss leads to generation of two hydrocarbon chains of 3 

different length on the affected lipid.  When these lipids are packed into a bilayer 4 

membrane (BLM) the membrane asymmetry is higher compared to a BLM comprised of 5 

non-damaged lipids [39]. The voids created due to inefficient packing of such 6 

peroxidized lipids can allow diffusion of smaller molecules or ions through them [27, 7 

40].  8 

Further, lipid peroxidation is expected to lead to a decrease in the UFA fraction since 9 

UFA is a substrate for the hydroxyl radical during lipid peroxidation. But, interestingly, 10 

we observed a net increase as described in the next section. 11 

 12 

Oxidative stress increases UFA fraction  13 

The increased MDA formation shown in the previous section indicated that the UFA 14 

fraction in the membrane that is expected to decrease under oxidative stress, may have 15 

actually increased. The extent of unsaturation or the fraction of UFA in the membrane 16 

lipids can be determined by measuring the Iodine number [22] using the lipids isolated 17 

from non-stressed, mildly stressed and strongly stressed samples. The results given in 18 

Figure 4 show that there was a 42.8% and 127% increase in unsaturation in mildly and 19 

strongly stressed cultures, respectively as compared to non stressed culture.   20 

From the above results we have estimated the UFA present in the form of 21 

phospholipid in B. subtilis cell membrane, during non-stressed and oxidative stress 22 

conditions as discussed below. Considering B. subtilis as a cylinder with length of 2 μm, 23 
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diameter of 1 μm, with a specific gravity of 1.04 [41], the mass of a single cell is 1.63 X 1 

10-9 mg.  With the data on our lipid yield, 38.27 mg (g-cell)-1, and as assumed efficiency 2 

of 80% for the lipid extraction, it is estimated that the total lipid content of a single B. 3 

subtilis cell is 78 X 10-15 g.  Under non-stressed conditions, B. subtilis cell membrane 4 

contains nearly 3% UFA of the total lipids, and the UFA are present mostly in the form of 5 

phospholipids [19, 42], and thus it is estimated that 2.34 X 10-15 g of unsaturated 6 

phospholipids are present per cell. Since phosphatidylcholine is the one of the 7 

predominant species of phospholipids present in cell membranes [43], for the purposes of 8 

this estimation, let us assume that all UFA exist as phosphatidylcholine (C42H82NO8P), 9 

UFA-PC, with a molecular weight of 760.09 g mol-1.  From the above, it is estimated that 10 

a single non-stressed cell contains 3.07 X 10-12 μmoles of UFA. A 42.8% over this value 11 

for mildly stressed lipid sample suggest that 4.38 X 10-12 μmoles UFA-PC is present per 12 

cell under mild oxidative stress. Similarly a 127% increase in iodine number suggests that 13 

6.97 X10-12 μmoles UFA-PC is present per cell under strong oxidative stress.  An 14 

increase in UFA has been reported when B. subtilis cells were subjected to cold stress [6]. 15 

To test the effect of UFA on the BLM stability, we performed experiments with a 16 

synthetic phospholipid, L-alpha-phosphatidylcholine (PC) and a known UFA, linoleic 17 

acid. We increased the percentage of linoleic acid in PC-BLM and the results have been 18 

summarized in Table 2. Decreases in the values of θ and breakdown voltage were 19 

observed with increases in the percentage of linoleic acid of the PC-BLM. These results 20 

strengthened our observation that decreases in the electrical parameters observed in 21 

strongly stressed BLM, may be due to increased UFA fraction in addition to damaged 22 

lipids caused by lipid peroxidation.      23 
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It is known that the UFA are negative regulators for Δ5 acyl lipid desaturase, the 1 

enzyme needed to synthesize UFA [44, 45].  Therefore, a decrease in UFA due to MDA 2 

formation during lipid peroxidation during oxidative stress may activate Δ5 acyl lipid 3 

desaturase [46], which in turn, may lead to production of UFA, which in turn leads to an 4 

increase in the UFA fraction in the membrane. Thus the observed increase in membrane 5 

UFA fraction is most likely due to an increased synthesis of UFA under oxidative stress.  6 

  7 

  Electrical parameters of B. subtilis BLM  8 

The electrical parameters of the B. subtilis BLM may be helpful in mathematical 9 

modeling and in electrophysiological studies involving B. subtilis membrane in 10 

particular, and prokaryotic cellular lipid membrane in general. Such parameters from DC 11 

voltage dispersion studies on B. subtilis BLM, which have not been reported earlier, are 12 

given in this section. For a BLM capacitor, current (I) and charge (Q) have been 13 

represented here by the equations (1 and 2). The equation 3 [25] gives the relationship 14 

between the charge, q, and the electromotive force (EMF), E for a standard capacitor.   15 

currentLeakageXAI
texp'                      (1) 16 

)1exp(
' tA

Q                                      (2) 17 

)/1( RCteECq                              (3) 18 

The term, A’λ-1, for the BLM capacitor is equivalent to EC (maximum charge stored in 19 

capacitor) for a standard capacitor, and λ of the BLM capacitor is equivalent to -(RC)
-1 20 

(where R is the total resistance and RC is the time constant (τ) of circuit) of the standard 21 

capacitor. To determine the values of parameters such as A
’, λ, τ, leakage current, DC 22 
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capacitance and relative permittivity, we studied the charging and discharging behavior 1 

of BLM capacitance at four different DC voltages. One such cycle of charging and 2 

discharging of BLM-capacitor at 40 mV has been shown in Figure 5. All the parameters 3 

were determined using MATLAB, from the data accumulated during study of charging 4 

and discharging patterns of all three types of BLM at four different voltages. The values 5 

of these parameters have been summarized in Table 1.  6 

Time constant, tau (τ = RC) of the capacitor (Table 1) is defined as time required by 7 

the charge on capacitor to reach 63% of its final steady state value EC (taken at 6.63 s in 8 

this study). We have considered the resistance of BLM as negligible (few hundreds 9 

Kohm) in comparison to 1 Gohm resistor used in the circuit in all our calculations. The 10 

leakage current was also observed to increase with increasing DC voltage, and the 11 

increase was more in the strongly stressed BLM compared to the mildly stressed and non-12 

stressed BLM. The relative permittivity constants, ε0εr of non-stressed, mildly and 13 

strongly stressed BLM were estimated with two assumptions, i.e. (i) Effective BLM area 14 

is 60% of aperture area (0.00705 cm2) [47] (ii) Thickness of BLM was assumed to be 15 

50Å irrespective of applied voltage. [30]. The ε0εr value of non-stressed, mildly and 16 

strongly stressed BLM were found to be 1.03X10-11, 1.15 X10-11 and 1.34 X10-11 Fm-1 17 

respectively. These estimated values were found to be of same magnitude to that of the E. 18 

coli BLM which was reported to be 4.4X10-11 Fm-1 [30].  19 

 20 

 21 

 22 
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Increased membrane permeability: A strategy to improve specific protein 1 

productivity 2 

The changed membrane physiology in B. subtilis reported in this study, due to increased 3 

cell membrane permeability under oxidative stress conditions can possibly be used to 4 

improve specific protein productivity. An increased permeability caused by lipid 5 

peroxidation and increased UFA fraction, is expected to disrupt ion gradients leading to 6 

altered metabolic processes [31, 34]. The increased membrane permeability in strongly 7 

stressed BLM, is expected to allow H2O2 diffusion at higher rates, leading to higher 8 

intracellular H2O2 concentrations [48, 49], and thus increased oxidative stress. The 9 

specific production of certain proteins, especially protective proteins, is known to be 10 

increased under oxidative stress in B. subtilis [49-51].  11 

In this study, the specific productivity of two industrially important enzymes protease 12 

and amylase, showed significant increases of 61.6% and 136.7%, respectively, under 13 

strongly stressed condition compared to the non-stressed condition (Figure 6). In addition 14 

to increased diffusion rate of H2O2 inside the cell [48], which can induce higher protein 15 

expression rates [50], an increased secretion rate of extracellular proteins due to the 16 

higher permeability of the cell membrane may also be responsible for increased specific 17 

enzyme productivity in strongly stressed cells.  18 

19 



Page 20 of 37

A
cc

ep
te

d 
M

an
us

cr
ip

t

 20 

Conclusions 1 
 2 
 3 
The isolated lipids from non-stressed, mildly and strongly stressed B. subtilis lipids when 4 

reconstituted to form BLMs, showed marked differences in their electrical properties. 5 

Modifications in four electrical parameters such as phase angle, impedance, capacitance 6 

and breakdown voltage emphasized that the packing of lipids in non-stressed BLM was 7 

more compact than in mildly and strongly stressed BLMs. The increased permeability in 8 

strongly-stressed BLM as compared to non-stressed BLM was due to two phenomena 9 

occurring in B. subtilis during oxidative stress: (i) the damage to UFA by hydroxyl 10 

radical during lipid peroxidation (59% and 246% increase in MDA formation under mild 11 

and strong stresses, respectively), and the consequent loose packing of the damaged lipids 12 

in the reconstituted BLM (ii) an increase in the fraction of UFA in the membrane (42.8% 13 

and 127% increase in iodine number under mild and strong stresses, respectively), and 14 

the consequent increase in fluidity and decrease in the packing density of lipids. 15 

Important electrical parameters of the BLMs such as A
’, λ, τ, leakage current, DC 16 

capacitance and relative permittivity were determined in this study. Finally, we 17 

demonstrated that increased permeability during oxidative stress can be used as an 18 

effective strategy to increase the specific productivity of amylase and protease. These 19 

enzymes showed considerable increases of 61.6% and 136.7%, respectively, under 20 

strongly stressed condition compared to the non-stressed condition. 21 

 22 
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List of symbols 1 

A
’ Parameter of the BLM capacitor that equals –(ER

-1
) of the standard 2 

capacitor (A) 3 
 4 
Ar Area of BLM (cm2) 5 
 6 
C Capacitance (nF) 7 
 8 
d Thickness of BLM (Å) 9 
 10 
E Electromotive force (EMF) of the DC source (mV) 11 
 12 
I Current flowing through an AC/DC circuit (pA)  13 
 14 
I0 Maximum value of current in an AC circuit (pA) 15 
 16 
Q Charge stored in the BLM-capacitor (pC)  17 
 18 
q Charge stored in the standard capacitor (pC)  19 
 20 
R Total resistance of the DC circuit (Gohm)  21 
 22 
t Time (s) 23 
 24 
V Voltage (mV) across the AC circuit (mV) 25 
 26 
V0  Maximum voltage across AC circuit (mV) 27 
 28 
Z Impedance (Mohm)   29 
 30 
Greek symbols 31 

 32 
ε0 Permittivity of free space (8.85 X 10-12 Fm-1) 33 
 34 
εr Relative permittivity (Fm-1) 35 
 36 
λ Parameter of the BLM capacitor that equals -(RC)

-1  of the standard 37 
capacitor (s-1) 38 

 39 
τ  Time constant, (= RC) (s) 40 
 41 
θ  Phase lag between the V and I ( o ) 42 
 43 
ω  Angular frequency (s-1) 44 
 45 
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Tables 1 

 2 

Table 1. Electrical parameters of non-stressed, mildly and strongly stressed BLMs at 3 

different applied DC voltages. 4 

 
Source 
Voltage 

(mV) 

 
Stress 

sample type 
 

 
A

’ X 10-11 

(A) 

 
λ 

(s-1) 

 
τ  

(s) 

 
Leakage 
current 

(pA) 

 
C  

(nF) 
 

 
40 

 
Non 

 
2.24  

± 0.01 

 
-1.23 

 ± 0.14 

 
0.805  
± 0.09 

 
6.36  

± 0.13 

 
0.805  
± 0.09 

 Mild 1.66  
± 0.14 

-1.02  
± 0.06 

0.968 
 ± 0.01 

6.67  
± 0.05 

0.968  
± 0.01 

 Strong 3.96 
 ± 0.26 

-0.88 
 ± 0.08 

1.11  
± 0.13 

32.15 
 ± 0.10 

1.11 
 ± 0.13 

 
70 Non 3.29 

 ± 0.20 
-1.12  
± 0.01 

0.828 
 ± 0.01 

10.37  
± 0.02 

0.828  
± 0.01 

 Mild 2.36  
± 0.38 

-1.03  
± 0.10 

0.961  
± 0.09 

10.05 
 ± 0.10 

0.961  
± 0.09 

 Strong 3.86 
 ± 0.03 

-0.80  
± 0.13 

1.24  
± 0.20 

34.0 
 ± 0.64 

1.242  
± 0.20 

 
100 Non 4.04  

± 0.48 
-1.02 

 ± 0.06 
0.966  
± 0.05 

14.69 
 ± 0.05 

0.966  
± 0.05 

 Mild 3.50  
± 0.08 

-1.04 
 ± 0.01 

0.946  
± 0.01 

13.64  
± 0.01 

0.946  
± 0.01 

 Strong 5.32  
± 0.96 

-0.89 
 ± 0.06 

1.12 
 ± 0.07 

37.08  
± 0.26 

1.113  
± 0.07 

 
150 Non 5.94 

 ± 0.97 
-0.98 

 ± 0.07 
1.01 

 ± 0.07 
23.19 

 ± 0.21 
1.01 

 ± 0.07 
 Mild 5.12  

± 0.41 
-0.98 

 ± 0.08 
1.01 

 ± 0.086 
20.28  
± 0.06 

1.01  
± 0.086 

 Strong  6.32  
± 0.10 

-0.94 
± 0.08 

1.05 
 ± 0.09 

41.06 
 ± 0.18 

1.05  
± 0.09 

 
 5 

6 
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Table 2.  Changes in the phase angle, θ, and breakdown voltage with changes in the 1 

percentage of linoleic acid (unsaturation) in PC-BLM. 2 

 3 
% linoleic acid in 

PC-BLM 
Phase angle (θ) Break down 

voltage (mV) 
 

0 -88° 250 
20 -82° 130 

40 -78°  50 

 4 
 5 

 6 

7 
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List of figures 1 

Figure 1. Voltage dispersion (a) and Frequency dispersion (b) analysis of BLM 2 

impedance at constant AC frequency of 100 Hz and voltage of 40 mV respectively. Non-3 

stressed BLM: filled circle, mildly stressed BLM: open triangle and strongly stressed 4 

BLM: open squares.  5 

Figure 2. (a) The BLM acts as a capacitor in the bath solution. The polar heads of the 6 

lipids on both sides of the BLM are zwitterionic and interact with ions of opposite 7 

charges present in the bath solution. The long hydrocarbon chains of lipids act as 8 

insulators (dielectric) between the two conducting plates and act as a capacitor (b) 9 

Voltage dispersion analysis of BLM capacitance at constant AC frequency of 100 Hz. 10 

Non-stressed BLM: filled circle, mildly stressed BLM: open triangle and strongly stressed 11 

BLM: open squares.  12 

Figure 3. MDA formation was determined in (a) isolated lipids and (b) in culture 13 

supernatant (MDA bound to proteins). Non-stressed: white bar, mildly stressed: gray bar 14 

and strongly stressed: black bar. All the values are the mean and SD of at least three 15 

observations.  16 

Figure 4. Iodine number in the three kinds of samples. Non-stressed: white bar, mildly 17 

stressed: gray bar and strongly stressed: black bar. All the values are the mean and SD of 18 

at least three observations.  19 

Figure 5.  Charging and discharging patterns in three kinds of BLM at 40 mV DC 20 

voltage was independently recorded and superimposed. Non-stressed BLM: filled circle, 21 

mildly stressed BLM: open triangle and strongly stressed BLM: open squares.   22 
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Figure 6. Specific amylase (a) and protease (b) productivity (units (g cell)-1) in the 1 

culture supernatant. Non-stressed: white bar, mildly stressed: gray bar and strongly 2 

stressed: black bar. All the values are the mean and SD of at least three observations.  3 

 4 
 5 
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Figure 2a 
 

 

 

 

Figure 2b 
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Figure 3a 
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Figure 4 
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Figure 5 
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