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A B S T R A C T

Through extracellular electron transfer (EET), bacteria are capable of transforming different insoluble materials
of geochemical interest into energy-rich molecules for their growth. For this process, bacteria have been de-
pending directly or indirectly on molecules synthesized within the cells or by various synthetics as mediators.
Herein, we studied the in-situ change in electrochemistry and supporting components for EET in the extracellular
polysaccharide (EPS) producing biofilm of thermophilic Geobacillus sp. The CV and DPV resultsrevealed that the
intact biofilm of bacteria was not able to generate any potential at 25 °C /- ≤50 °C. However, at 55 °C (optimal
condition), the potential occurred drastically after the EPS production by bacteria. HPLC and MALDI-TOF results
revealed that the presence of Flavins, which can able adsorbed to the electrodes from the cell surface. Moreover,
the temperature-dependent EPS production and originally conceived ability of flavins to act as electron shuttles
suggest that not much complexity in bacteria with minerals. Additionally, the electrochemical potential was
severely affected upon removal of EPS/flavin moiety from the intact biofilm, revealed the necessity of EPS bound
flavins in transferring the electrons across its thick cell walls. This paradigm shift to electrogenic nature of
Geobacillus sp. biofilm will become evident in the adaptation of other microbes during mineral respiration in
extreme environments.

1. Introduction

Flavins, an active redox compounds, have been reported to parti-
cipate in extracellular electron transfer (EET) by bacteria (Marsili et al.,
2008; von Canstein et al., 2008; Masuda et al., 2010; Kotloski and
Gralnick, 2013; Engel et al., 2019). Although, flavins are produced
endogenously by bacteria (Yatsyshyn et al., 2009), and are located at a
specific locus in its genome (Light et al., 2018). These are required to
cross and interact with the transmembrane barriers for energy deriva-
tions (Covington et al., 2010; Babanova et al., 2017). Despite, behaves
distinctly in the electrochemical environment, the flavins precursors are
essential for biogeochemistry (Shi et al., 2013), minerals (von Canstein
et al., 2008), and electrode respiration (Yang et al., 2012). Till date,

many reports available exclusive for Shewanella spp. (Marsili et al.,
2008; von Canstein et al., 2008; Kotloski and Gralnick, 2013), and
Geobacter spp. (Reguera et al., 2005; Okamoto et al., 2014), which is
inherited the EET research. Although, many other bacteria have been
characterized for EET activity so far (Pham et al., 2008; Yang et al.,
2012; Dopson et al., 2016), however, the arguments unlikely differed
on the gram (+) profile of the bacteria. These bacteria are widespread
and are likely to execute in a different EET mechanism. Until recently,
there are several studies are documented the EET mechanism in these
type of bacteria (Marshall and May, 2009; Wrighton et al., 2011; Wu
et al., 2014; Tokunou et al., 2016; Pankratova et al., 2019). Further-
more, their presence in the electrochemical system was extensively
documented previously (Logan, 2009; Marshall and May, 2009; Dopson
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et al., 2016). More recently, riboflavin mediated extracellular metal
reduction was demonstrated clostridium-dominated microbial commu-
nity (Fuller et al., 2014). Such a self-mediating ET process was shown
for an anodic microbial consortium, which is widely distrubuted in
Bacillus, Clostridium, Enterococccus, Eubacterium, Lactobacillus, and Lac-
tococcus species (Rabaey et al., 2004; Wu et al., 2014; Pankratova et al.,
2018, 2019).

Unlike mesophiles, some of the gram-positive thermophiles sur-
viving at high temperature makes it probable that they use alternative
mechanism(s) for EET. Currently, MHC pathway from Thermincola po-
tens is a widely accepted model for thermophilic EET (Carlson et al.,
2012; Lusk, 2019). However, this mechanism does not explain the di-
rect long-range EET in T. ferriacetica, because, it does not transfer of a
electrons through the extracellular matrix (Parameswaran et al., 2013;
Lusk et al., 2015a, b; Lusk et al., 2016). In contrast, some microbial
energy and activity are deeply compromised with its environmental
conditions. Also, under extreme conditions, the Gibbs free energy is
always dependent on temperature, pressure, concentrations/activity;
and pH of the electrolyte compared to normal conditions (Dopson et al.,
2016). Hence, with only some resources for extreme conditions, it is
difficult to establish a model system for these bacteria. Furthermore, a
thick surface polysaccharide (EPS) around cells makes a structural
difference which hinders the transfer of redox components to insoluble
electron acceptors to the outer environment. It is known that the re-
fractory polymers of the EPSs mainly cause redox behavior in the bio-
film important for biogeochemical cyclic and organic pollutant
(Flemming et al., 2007; Li et al., 2016). Recently, it was shown that the
EETs in both gram profile bacteria and a yeast renders negligible as a
core mechanism depends on EPSs activity (Xiao et al., 2017).

This study on a Gram-positive thermophilic Geobacillus sp. was in-
vestigated for their EET mechanism. The electrochemical behavior of
the bacterium was found similar to previously reported bacteria.
Moreover, the potential was generated mainly because of the en-
dogenous flavins moiety that is bound to the EPS of the bacteria.
Besides, the temperature-driven flavin stability has been found sig-
nificant demerit for its electroactivity. This model of EET mechanism in
thermophilic or extremophilic bacteria will open up the mechanistic
understanding in the near future.

2. Experimental section

2.1. Bacterial electrochemistry

Thermophilic gram-positive Geobacillus sp. Iso5 was used in the
current studies was isolated previously from thermal springs of
southern India (Mahadevan and Neelagund, 2012). Prior electro-
chemical analysis, the seed and subsequent culturing were performed at
55 °C for 24 h in yeast extract free (Masuda et al., 2010), and all vita-
mins eliminated PBTA medium [contained (grams per liter): peptone
(0.2%), beef extract (0.5 g), tryptone (0.1 g), and NaCl (2%)]. To en-
sure, no flavin interference from the medium, the uncultivated bacterial
free medium was filtered through 0.22 μm membrane filters with sub-
sequently analyzed by HPLC as previously described (Wu et al., 2014).

Molecular grade standards of riboflavin, FMN, and FAD were pur-
chased from Sigma (Sigma Inc., USA). For Geobacillus, a modified three
electrodes mini-three electrodes glass cell fitted with temperature
control (up to 55 °C) system was connected to CHI 660D (sc.10mV s−1)
cyclic voltammetry (CH Instruments, Texas, USA). Silica polished glassy
carbon electrode, a platinum wire, and a saturated Ag/AgCl (3 mol
L−1KCl) were used as the working (WE), counter and reference elec-
trodes (RE), respectively. All the potentials presented below are vs. the
saturated Ag/AgCl in PBS 10mmol L−1, pH 8 at 55 °C under N2−CO2

(80:20, vol/vol) atmosphere. For DPV study, in the oxidation reactions,
the staircase was 0.004 V, the initial potential was Ei -0.60 V, and the
final potential was Ef-0.20 V (Wu et al., 2014). Bacterial cells and su-
pernatant were saved after centrifugation at 5000 × g for 20min at

4 °C; later collected cells were then washed thrice with the electrolyte.
The cell suspension (˜ 5 μl) was drop-casted with one μl of 1% Nafion on
the GC electrode, and potential was recorded under dark. The super-
natant on the other hand, replaces as electrolyte and electrode potential
was recorded as above. For control, PBS dissolved standards were then
filtered through 0.22 μm membrane filters.

2.2. EPS extraction and removal

EPS from cells were isolated by EDTA method, as previously de-
scribed with slight modification (Liu and Fang, 2002; Cao et al., 2011;
Li et al., 2016). In precise, the cells suspensions obtained after cen-
trifugation at 5000 x g for 5min were washed thrice with saline fol-
lowed by resuspension in an equal volume of 2% Na2-EDTA prepared in
saline solution (pH 8.0). The resuspended mixture was heated to 55 °C
in a water bath for 15min and kept undisturbed for twenty-four hours
at 4 °C. The supernatant obtained after centrifugation for 20min at
3000 × g at 4 °C was filtered through a 0.22 μm membrane filter. Cells
pellet were separately collected after centrifugation to study mor-
phology and electrochemistry.

Furthermore, filtered EPS was dialyzed by a cellulose membrane
(MW:1kDa) using the same 2% Na2-EDTA buffer at 4 °C. The dialysate
was further centrifuged for 20min at 3000 × g at 4 °C to collect the
supernatant. EPS fractions from the supernatant were then lyophilized
and stored at −20 °C for use. Cell surface and microbial cell integrity
analysis before and after EPS removal was imaged using Phase contrast
microscope (Olympus, Japan) and scanning electron microscope
(SIRION200, FEI Co., Netherlands).

2.3. Analytical methods

Proteins were concentrated from EPS by ammonium sulfate method
(Bradford, 1976; Mahadevan and Neelagund, 2012). All the optical
measurements were recorded in UV 1200 spectrophotometer (MA-
PADA, China). Broadford kit (Sangam Biotechnologies, China) was used
for protein assay. The previously prescribed method was followed for
HPLC measurements (Agilent, USA) (Wu et al., 2014). For UPLC-QTOF/
MS analysis, an ACQUITY BEH C18 (1.7 μm, 50mm) reverse phase
column (Waters, MA) and fluorescence detector (Waters) was used with
an excitation wavelength of 440 nm and an emission wavelength of
525 nm. The column wash was performed with 200 μL of strong
washing (water/acetonitrile, 1:1) followed by 600 μL weak wash
(water: acetonitrile, 95:5). The linear gradient separation was per-
formed with ethanol:water (50:50) mobile phase at the flow rate of
1ml/min at 40 °C with the injections of 2 μL samples and 200 μL of
strong wash (water:acetonitrile, 1:1) followed by 600 μL weak wash
(water/ acetonitrile, 95:5). Eluted compounds were analyzed by MS
using a Thermo Electron LCQ Ion Trap spectrometer (Thermo Scientific,
USA) in a positive ion mode. Alternatively, the molecular weight of
pure (FAD, FMN, Riboflavin) and sample flavins was determined in
Ultraflex MALDI-TOF/MS (Bruker, Germany) equipped with a nitrogen
laser (337 nm). A series of 1–10 nM diluted samples were mixed in 1:1
matrix (α-cyano-4-hydroxycinnamic acid in 50% acetonitrile /water
with 0.1% TFA acid). The one μl mixture was placed on a MALDI target
plate, and the spectrum was recorded in the linear positive ion mode.
The spectral data were processed by Bruker Daltonics FLEX analysis
software (version 2.0).

3. Results and discussion

Compared to Shewanella spp. (Marsili et al., 2008; von Canstein
et al., 2008; Kotloski and Gralnick, 2013; Wu et al., 2014), Geobacter
(Reguera et al., 2005; Rotaru et al., 2014; Fernandes et al., 2017), and
other gram-positive EET models (Pham et al., 2008; Wrighton et al.,
2011; Wu et al., 2014), only a limited resources available for thermo-
philes (Marshall and May, 2009; Lusk, 2019). Despite, several debacles
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over the use of thermophiles in MFCs, many thermophilic microbial
groups have been mostly neglected. Not all known thermophiles are
electrogens, but, some interest in EET mechanism is currently under
research (Wrighton et al., 2011; Carlson et al., 2012; Shi et al., 2016). In
this communication, we determined the mechanism of electrical

Fig. 1. Cyclic voltammetry of Geobacillus sp. Iso5 (Black solid line) during EPS
production and after removal of EPS (red line). The scan was recorded at 55 °C
in 10mM PBS, pH 8.0 as a control. The results were verified thrice to the ob-
jectives under the same condition.

Fig. 2. Differential Pulse Voltammetry (DPV) of Geobacillus sp. Iso5 (Black solid
line) during EPS production and standard riboflavin (red line). The scan was
recorded at 55 °C in 10mM PBS, pH 8.0 as a control. Results were verified thrice
to the objectives under the same condition.

Fig. 3. Scanning electron micrograph of Geobacillus sp. Iso5 cells: (a) with EPS layer; (b) after EPS removal with the modified method.

Fig. 4. DPV of extracted EPS from Geobacillus sp. Iso5 (red line) was compared
with the standard RF (Black solid line). The potential was exactly at the position
was observed at 55 °C in 10mM PBS, pH 8.0 as a control. Results are verified in
triplicates.

Fig. 5. HPLC elution pattern of EPS fraction showing two peaks corresponds to
the riboflavin and FMN at 12 and 15min, respectively.
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properties and factors that influence the EET in thermophilic gram-
positive Geobacillus sp. biofilm. Provided the redox peaks (Fig. 1) which
gave the first impression of electrochemical activity by thermophilic
gram-positive Geobacillus sp. intact biofilm. However, Riboflavin
yielded a much weak redox signal at -0.43 V, as compared to Bacillus sp.
WS-eXY1 and yeast P. stipitis (Wu et al., 2014). These weak signals are
of the process degradation rate may be high for flavins during CV
analysis at 55 °C and also due to the Gibbs free energy changes under

extreme conditions (Dopson et al., 2016). A small shift in potential for
pure riboflavin (-0.41 ± 0.01) was seen, however, maybe because of
the slightly alkaline pH medium and structural changes at a higher
temperature. There are two other prominent redox peaks at -0.15 V and
-0.57 V, which attributed the presence of b and c- cytochrome, respec-
tively (Carmona-Martinez et al., 2011; Xiao et al., 2017) was omitted to
flavin counterpart. DPV signals, on the other hand, a firmly visible peak
at -0.43 V similar to WS-XY1 (Wu et al., 2014), and at -0.15 (omitted)
which signifies the weak diffusion of riboflavin around the surfaces of
the cells (Fig. 2)

In Shewanella spp. (Marsili et al., 2008; von Canstein et al., 2008)
and Bacillus sp. (Wu et al., 2014), flavins (primarily, riboflavin) activity
was found in supernatants. Genetically, not all bacteria were capable of
using intercellular flavins for the respiration outside the cells
(Yatsyshyn et al., 2009). However, under favored condition, it is not
always true, which was similar in the case of Geobacillus sp. and stan-
dards (except at RT) at 55 °C (data not shown). This might be due to
thick cell wall encased in a glycoprotein S-layer, and dense EPS hinders
the movement of flavins out of the cell (Ehrlich, 2008; Pham et al.,
2008; Wrighton et al., 2011). Furthermore, redox signals were com-
pletely distorted when surface polymeric substances (EPS) was ex-
enterated from cells (Fig. 3). DPV also confirmed that the absence of
these redox peaks, hypothesize the flavins in EPS is a significant factor
for the electrochemical activity of Geobacillus sp. Moreover, it was
further verified by exposing the extracted EPS to the electrode surface
for CVs, yielding a small unshifted redox peak at -0.43 V which was
similar to WS XY-1 (Xiao et al., 2017), and undepleted cells (Fig. 4).

Fig. 6. UPLC spectrum of the EPS extracts from Geoabcillus sp. Iso5 showing elution peak for RF at 9min and FMN at 18min, respectively. Insert represents the m/z
value of the elutents from UPLC combined, proving the presence of RF and FMN with its respective molecular mass. The parameters used for analysis: Methanol:
water (50:50) mobile phase at the flow rate of 1ml/min at 40 °C with the injections of 2 μL samples. Prior, the analysis was 200 μL of strong wash (water/
acetonitrile,1:1) followed by 600 μL weak wash (water/ acetonitrile,95:5).

Fig. 7. Ionization of elutents by matrix-assisted laser desorption/ionization
(MALDI) spectra for combine elutents showing m/z 380 and 536 for RF and
FMN, respectively.
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The EPS synthesis vs. growth confirms that the mechanistic model of
EET was monitored at a regular interval of time (data not shown). These
results suggested that the cells of Geobacillus sp. alone cannot be able to
generate any potential at initial growth without EPS synthesis.
However, its potential was shortly restored at stationary growth and
continued to be present late twenty-four hours from initial declination
phase. A similar method of optical measurements for redox moiety in
EPS was also confirmed decoloration of the azo dye Direct Blue 53
(Pearce et al., 2006; von Canstein et al., 2008). These results showed
the presence of diffusible redox compounds in the EPS, but, the dye
decoloration was slightly slower than Shewanella sp. previously re-
ported (von Canstein et al., 2008), because of the lower Flavin content
in the extracted sample. A quick faint two yellow eluate form HPLC
revealing redox-active flavin separation at 12min and 15min for ri-
boflavin and FMN, respectively (Fig. 5). Similar elution pattern was also
observed to the pure flavins. In comparison, HPLC fraction from pre-
viously reported Shewanella strain was found to beat 28min and 33min
for FMN and riboflavin, respectively at 35% methanol (von Canstein
et al., 2008). Besides, two identical redox mediators were also con-
firmed by UPLC-MS, giving identical molecular weights (m/z) of 536.4
for the 9-minute fraction corresponding to FMN and of 380 for the 18-
minute fraction corresponding to riboflavin (Fig. 6). Furthermore, re-
sults of MALDI TOF/MS showed the presence of low-intensity promi-
nent peak for FMN at m/z 536.4 kDa and relatively high for riboflavin
at 380.4 kDa (Fig. 7). These results indicated that the diffusible ribo-
flavin might dominant in the electrogenic activity of Geobacillus sp.
which is uncovered previously in thermophiles.

4. Conclusion

Though many of the thermophiles were largely uncovered and their
metabolic processes in nature are unresolved. However, energy-
yielding redox reactions by these microorganisms with a multitude of
electron donors and acceptors arequite common in nature. Herein, a
gram-positive thermophilic bacterium Geobacillus sp. Iso5 was exposed
to the electrochemical system with its mesophilic Bacillus counterpart.
The results indicated that the common analogy for EET mechanism as
mesophiles were adopted even at the elevated temperate. It was de-
termined that EPS was an important factor for respiration extra-
cellularly in Geobacillus sp., which is uncommon in other bacteria.
However, further observation of EPS depleted cells resulted in barely
any potential even with the same condition applied. These factors of
EPS, it was believed that some of the redox moiety probably involved in
generating the potential. Furthermore, detailed analysis using UPLC
and HPLC was shown in favor of flavins, which is ubiquitous proteins of
redox property, which was known; mediate the EET in another bac-
terium. Hence, from this research, we believed that for EET, a common
respiratory analogy exists in these bacteria irrespective of its habitats.
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