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Abstract
The bacterium Kluyvera georgiana MCC 3673 transfers electrons directly to the electrode for bio-electricity generation in
microbial fuel cell (MFC). This could be due to the formation of biofilm on the surface of electrode or with through the
extracellular appendages, or both. The role of extracellular appendages pili and flagella in exo-electron transfer mechanism
was investigated. The expression level of the genes fli P and pil Q for pili and flagella, respectively, in K. georgiana MCC
3673 was compared in MFC and in shake flask. The transcript analysis was done by qRT-PCR at different times and conditions. The expression level of pil Q transcript in K. georgiana MCC 3673 showed over twofold higher expression during bioelectrogenic process, compared to the one inoculated in shake flask. Similarly, fli P had also showed similar kind of expression
in MFC compared to that in shake flask. Higher level of pil Q and fli P transcripts were observed throughout bio-electrogenic
process. The level of pil Q was found to be nearly fourfold higher in biofilm-forming cells forming compared to the cells
in suspension form. The obtained results suggest that flagella have a role in movement of bacterium towards electrode for
donating the electron in absence of oxygen, and pili aiding in adhering on the surface of electrode and forming biofilm. The
cumulative effect of fli P and pil Q resulted in exo-electron transfer to the electrode and bio-electricity generation process.
The open circuit potential (OCV) of + 0.7 V was produced with the maximum power density of 393 ± 14 mW/m2 in MFC.
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Introduction
The electroactive property in some bacteria during electricity generation has been studied extensively in past decade
(Cao et al. 2019). These electroactive bacteria having tendency to transfer electron extracellular are termed as electrogens (electricity generators). In the absence of oxygen,
bacteria tend to find terminal electron acceptor to donate
the electron and regenerating NAD+ and FAD for cellular metabolism simultaneous to reducing a wide range of
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organic molecule (Shrestha and Rotaru 2014). When these
bacteria are inoculated in MFC, where the sole electron
acceptor is an electrode, the terminal electrons are collected and transported through the electric circuit (Logan
et al. 2006). The transfer of electrons could be either directly
(mediator-less) or by the aid of redox compounds (mediators) in the medium by the bacterium (Schröder 2007).
Carbonaceous materials are common choice of electrode due to high conductivity and less toxic to the bacteria
(Sonawane et al. 2017). Apart from carbon materials, use
of metals electrodes have also been reported in the literature (Baudler et al. 2015). The metals, silver and copper
are regarded as an excellent conductor of electricity but are
toxic to bacteria. Baudler et al. (2015) have reported that
the electrogenic bacteria are resistance towards metal toxicity. The electrogenic bacteria are believed to have physiologically, metabolically and genetically unique property
enabling them to grow under anaerobic condition reducing
wide range of compounds in stringent environment conditions (Lovley 2006).
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The exo-electron transfer can be due to biofilm formation
(Li and Nealson 2015), synthesis of redox mediators by bacterium (Rabaey et al. 2005), secretion system (Richter et al.
2012) or electric conductive pili (Reguera et al. 2005). The
bacterium Geobacter and Shewanella are known to be efficient
electrogens in bio-electrochemical system apart from their dissimilatory metal reducing property (Richter et al. 2012). The
exo-electron transfer mechanism is mainly due to the presence
of pili on the bacterial cell. Pili are extracellular thin hair-like
appendages in nanometer size commonly observed in eubacteria. They are known to play an important role in transfer of
genetic material during conjugation, virulence of the bacteria,
biofilm formation, motility and adhesion etc. (Proft and Baker
2009). Among all, the type IV pili is predominantly responsible for motility and secretion of peptides and compounds, and
other various functions of the cell (Shi and Sun 2002). Though
the type IV pili are present in almost all eubacteria, presence
of conductive pili (called nanowire) has been reported in some
bacteria making them electroactive in nature (Gorby et al.
2006). Similar to Geobacter and Shewanella, a recent study
reports the presence of type IV conductive pili has also been
observed in Pseudomonas aeruginosa (Liu et al. 2018). The
type IV pili are a cluster of at least 30 genes assembled for
twitching motility of the bacteria (Mattick 2002). Pil Q is an
important component involved in the biogenesis of type IV
pili, playing an important role in growing pilus fiber (Tonjum
et al. 2002).
Similar to pili, flagella are extra cellular, hair-like appendages produced by bacteria. They aid in motility and adhesion
of the bacteria on the surface (Moens and Vanderleyden 1996).
Flagella are composed more than fifty genes, assembled as
fliLMNOPQRflhBA gene cluster. Fli P is a transmembrane
protein that plays an important role in transportation process
during flagella synthesis and assembly for motility of the bacterium (Segura et al. 2001). Barker and co-worker showed the
role of fli P in motility of bacterium in type three excretion system (Barker et al. 2014). However, so far, there are no reports
on role of flagella during electron transport process in MFC.
Kluyvera georgiana MCC 3673 is a gram negative bacterium, recently reported for its electrogenic property in bioelectrochemical system (Thapa and Chandra 2019). This bacterium is found to generate bio-electricity through direct mode
of exo-electron transfer mechanism in MFC. This could be due
to the help of pili and flagella during the process. The present
study reports the differential level of pili and flagella genes
under bio-electrochemical condition and shake-flask condition
in K. georgiana MCC 3673.

Materials and methods
MFC condition
Two chambered MFC with working volume of 100 ml each
was used for this study as discussed elsewhere (Thapa and
Chandra 2019; Thapa et al. 2019). Briefly, carbon cloth
with the geometric surface area of 1.5 cm2 as anode and a
graphite rod with approx. 15 cm2 as cathode were used. The
cathode chamber was filled with 0.1 M potassium ferricyanide prepared in phosphate buffer (0.1 M, pH 7.2). Anode
chamber was filled with sterile LB media (Himedia, India)
and inoculated with 10 µl of active culture of K. georgiana MCC 3673. Both the compartments were separated by
a pre-treated cation exchange membrane (CM 7000). The
electrodes were connected to the data logger (Picolog ADC
20/24, UK) with no external resistance for recording voltage
at 10 min interval.

RNA isolation and cDNA synthesis
Isolation of RNA was done by Trizol method (Chomczynski
and Sacchi 1987). The cells were prepared by spinning at
10,000 rpm for 5 min at 4 °C followed by ice cold phosphate buffer (pH 7.2) wash. Cell lysis was done by adding
equal amount of Trizol reagent (Takara, Clontech, Japan),
followed by vortex and incubation at room temperature for
5 min each. To this 0.25 ml of chloroform was added to precipitate the RNA. The final extraction was done with 0.5 ml
of isopropanol, washed with ice cold 70% ethanol, air dried
the pellet and dissolved in 20 µl of RNAse-free water and
stored at − 20 °C until further use. The RNA was reverse
transcribed as instructed by the manufacturer (TAKARA,
Clontech, Japan). The template RNA 1 µl was mixed with
2 µl of RT buffer, 0.5 µl of oligo dT, hexamer and reverse
transcriptase enzyme each in a 10 µl reaction incubated for
15 min at 37 °C and 85 °C for 5 s.

Primer design
The primers for the genes pil Q and fli P, with reference
genes 16S rDNA and gyr B were synthesized using online
tool primer3 plus (https://primer3plus.com). The primers
used in this study are given in Table 1.

Semi‑quantitative PCR
The amplification was performed in a thermo cycler
(Eppendorf, Germany). 0.5 µl of cDNA was mixed with
1 µl of each forward and reverse primer, 2.5 µl of nuclease
free water and 5 µl of master mix (Ampliqon, Denmark)
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Table 1 Table listing the primer sequence for different genes analysed
in this study

Data analysis

Gene

Primer sequence

K.gn 16S rDNA

Fwd. primer: ACCGCATAACGTCGCAAGACCA
Rev. Primer: TTCATACACGCGGCATGGCT
Fwd. primer: ACAGCAGCAGTTCGAGCCGATT
Rev. Primer: AACGCTGAATCGCAAGGCCA
Fwd. primer: ATCAGCGGCGACAGCATCATCA
Rev. primer: ACATGCTGGCGCAGACCAACAA
Fwd. primer: TCGCATCAATGGTCGGCTGCTT
Rev. primer: AACACCGTTGGCGTCACTTCCA

The analysis of the genes was done as per Livak method
(Livak and Schmittgen 2001). This is a relative and convenient method of analysing the level of gene expression
by relating the PCR signal of the target transcript to the
reference one. The difference in the level is calculated using
the Ct which is the threshold cycle of amplification in PCR
to produce the minimum number of copies that is detected
for fluorescence. The lower the Ct values higher the accumulation of the product. The change in expression level was
calculated using the formula, 2−ΔΔCt , where ΔCt (or dCt) is
the difference in Ct of the target gene to the Ct of the reference gene, and ΔΔCt (or ddCt) is the difference in ΔCt of the
target gene at different conditions:

gyrB
fliP
pilQ

containing dNTPs, Mg2+, DNA polymerase and reaction
buffer. PCR reaction was done by initial denaturation at
96 °C for 5 min, followed by 35 cycles of denaturation at
96 °C for 30 s, primers annealing at 56 °C for 45 s and
elongation at 72 °C for 150 s, and a final elongation for
10 min.

ΔCt = Ct of target gene − Ct of the reference gene
ΔΔCt = ΔCt of condition 1 − ΔCt of condition 2.

Results and discussion
Agarose gel electrophoresis
Semi‑quantitative analysis
The amplified products were mixed with 2% of ethidium
bromide staining solution and loaded on 2% agarose gel
prepared in 1 × Tris acetate buffer. A 100 bp DNA ladder
(Genedirex, India) was run as a marker on the gel to analyse the size of the amplified product. Electrophoresis was
carried out in tris acetate buffer by applying 80 V potential
for a period of 40 min for DNA fragments migration. The
bands were observed and analysed under gel documentation
(BioRad, USA).

Quantitative PCR
The real time quantitative PCR was performed in Quantstudio 7 (Applied biosystem, USA) in a 96 well plate titter.
In RT-PCR, amplification of cDNA was done with SYBR
green master mix (Promega, USA) containing SYBR green
as active dye, dNTPs, Mg2+, DNA polymerase, and reaction
buffer. Prior to the reaction, template DNA was diluted to
tenfold. A 0.5 µl of template was added with 1 µl of forward
and reverse primer each and 2.5 µl of SYBR Green master
mix to a 10 µl reaction with volume nuclease free water.
The PCR reaction was performed by setting the cycling
conditions as 50 °C and 95 °C each for 5 min for initial
activation followed by amplification at 96 °C for 15 s and
60 °C for 1 min, up to 40 cycles and a final melt curve was
performed at 96, 60 and 50 °C for 15 s, 75 s, respectively.
The amplification plot and melt curve were analysed as per
Livak method (Livak and Schmittgen 2001).

The RNA isolated from the different inoculum at different
conditions and times was found to be pure as analysed by
the ratio of nucleic acid to protein by UV absorbance. The
A260/280 ratio of over 1.8 indicated the high purity of RNA
with minimal DNA contamination and no contamination
with proteins. The intensity of the gel bands for the genes
pil Q and fli P was observed to be higher in cells inoculated
in MFC compared to those inoculated in shake flask, on
analysis using Quantity One software (Biorad, USA). These
indicate the genes pil Q and fli P under electrogenic condition of cells inoculated in MFC were almost twice that of
genes expressed under normal growth conditions in shake
flask. Similar results were obtained for the gel bands analysed using the image tool, Image J (https://imagej.nih.gov/
ij/). This confirmed the expression level of genes for pili and
flagella is higher in K. georgiana MCC 3673 under electrogenic condition in MFC. The results suggest that the extra
cellular appendages pili and flagella playing a role in electron transfer during electrogenic process.

Quantitative analysis of gene expression level
Similar to the semi quantitative method, optimization of the
PCR conditions were done as per MIQE guidelines (Bustin
et al. 2009) (supplementary information). Normalization of
the reaction is very crucial to know the optimal reaction temperature, number of cycles, primer annealing and elongation
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condition, template and primer concentrations etc. The optimization performed by standardizing the reaction with the
reference gene gyr B and 16S rDNA resulted that the amplification cycles at 60 °C was suitable for the reaction with the
primer concentration of 1 µM for 40 cycles. Change in these
conditions caused non-specific amplification of the DNA,
which was evident by the formation of more than one amplified products from the reaction, observed as multiple peaks
on melt curve (supplementary information).

rDNA gene as reference which has constant expression
irrespective of growth conditions. The Ct for the reference
gene was found to be 12.78 ± 0.2. The ΔCt is the change in
expression level of genes under different conditions, which
is the difference between the Ct of gene of interest and Ct
of reference gene:

ΔCt = Ct of fli P − Ct of 16S rRNA
ΔCt shake flask (SF) = 28.9 − 12.78
ΔCt (SF) = 16.12

Standard curve analysis for RT‑PCR
The 16S rRNA and gyr B genes were used as a reference
gene for comparative studies. These genes have equal level
of expression at any stage of growth and under any environmental condition. The standard curve performed by amplifying the template DNA with diluted series of template DNA
in 100, 50, 25 and 12.5 ng/µl resulted in decreased Ct with
increased template concentration. The slope value of the
curve was found to be − 3.5, which determines the efficiency
of the reaction to be within acceptable range. The values
between − 3.1 and − 3.7 (85–110%) are considered to be
acceptable and reliable for this study:

Efficiency (E) = 10(−1∕slope)
Efficiency (E) = 10(−1∕−3.5)
E = 10(0.2858)
E = 1.93
Percent Efficiency = (Efficiency − 1) × 100
= 93%.
The coefficient of determination (or coefficient of correlation), r2 of 0.99 obtained from the standard curve confirms
the efficiency of the reaction. The standard curve confirms
the efficiency and reliability of the reaction.

ΔCt in MFC (MF) = 27.62 − 12.78
ΔCt (MF) = 14.84.
The lower ∆Ct for fli P in MFC clearly indicates higher
level of expression of flagella gene. The expression level of
the genes calculated by 2−ΔΔCt showed that flagella genes
are expressed 2.4-fold higher under bio-electrogenic condition compared to that incubated in shake flask. Flagella
are locomotory organelles aiding bacteria in movement
towards favourable condition (away from repellent and
towards attractant). Over twofold higher level of flagella
indicates its role in movement of bacterium towards electrode for transfer of electrons for regenerating NAD+ and
FAD to continue the metabolic and cellular activities in
absence of oxygen. A time course study was performed on
fli P to understand its role in MFC. The level of fli P genes
was found to be increasing with the increase in incubation time in MFC. The increasing fold level 2.04 ± 0.056,
2.42 ± 0.084, and 2.58 ± 0.125 was observed after 12, 24
and 48 h, respectively. Similarly, the biofilm-forming bacteria had 2.93 ± 010-fold higher level of expression compared to that incubated in shake flask. The result is shown
in Fig. 1.

Expression of fli P gene in MFC
Fli P in K. georgiana MCC 3673 is one of the important
proteins responsible for flagella assembly and function
that play an important role in bacterial movement. The
filament of the bacterial flagella is composed of over 20
structural genes. Among them, flhA, flhB, fliI, fliP, fliR, and
fliQ constitute for export apparatus of the flagella (Liu and
Ochman 2007). The fliP is reported to be well-conserved
and commonly studied flagella gene (Poggio et al. 2007).
The expression level of fli P in K. georgiana MCC 3673
was observed under different conditions, aerobically in
shake flask at 35 °C and 150 rpm, and anaerobically in
MFC. The Ct for fli P was found to be 28.9 ± 0.21 for shake
flask which was higher compared to C t for cells inoculated in MFC. The ΔCt was calculated by taking the 16S
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Fig. 1 Expression levels of genes fli P and pil Q in suspended cells of
K. georgiana MCC 3673 at different times in MFC
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Expression of pil Q in MFC
The role of pili in electron transfer and bio-electricity generation is realized to be very important in the past decade (Cao
et al. 2019). Pili are the extracellular thin hair-like appendages that help bacteria in attachment to the surface and biofilm formation. In electrogenic bacteria pili are referred as
“nanowires” due to their electric conductive property that
play an important role in electron conduction from extracellular surface of the bacterium to the electrode. The ∆Ct
for pil Q incubated in MFC and shake flask was found to
be 13.44 ± 0.13 and 14.48 ± 0.16, respectively. Similar to
fli P, a twofold higher amount of pili gene was observed in
cells under electrogenic condition in MFC, which indicates
the important role during exo-electron transfer mechanism.
When the bacterial cells are inoculated in MFC, in absence
of oxygen the electrons were transported towards extracellular surface and into the medium via c-type cytochrome and
other inter membrane proteins and mediators. These electrons are directly transported to the electrode by the cells
adhered on the electrode by pili:

ΔΔCt = ΔCt Pil Q (MF) − ΔCt Pil Q (SF)
ΔΔCt = 14.48 − 13.44
2−ΔΔCt = 2−(−1.04)
2−ΔΔCt = 2.05 fold.
An increase from 1.94 ± 0.04 to 2.59 ± 0.04 fold was
observed in the expression level within 48 h of incubation
in MFC, as shown in Fig. 1. This could be due to the adaptation of bacterium to the condition.
Since the pili plays an important role in adhesion of bacterial cells on the surface to form biofilm, the quantity of
pil Q in biofilm-forming cells was studied in comparison
with the cells occurring in free suspended state. A 3.63-fold
higher amount of pil Q was observed in biofilm-forming
cells.
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The scanning electron microscopic (SEM) analysis of the
electrode revealed the formation of biofilm on the surface of
the electrode during electron transfer (Fig. 2). This confirms
the formation of biofilm for exo-electron transfer in MFC.
The importance of biofilm formation during electron transfer is reported extensively in the literature. This phenomenon is regarded as the direct electron transfer mechanism
exhibited mixed culture and by pure cultures of Geobacter,
Shewanella and other electrogenic bacteria.

Comparison of fli P and pil Q genes in biofilm
and suspended cells
The increased level of expression of fli P and pil Q genes in
K. georgiana MCC 3673 during exo-electron transfer process in MFC confirms their importance during bio-electricity generation in bio-electrochemical systems. The flagella
and pili are believed to have a role in movement towards
the attractant (which is an electrode) and attachment on the
surface and forming biofilm, respectively. The amount of the
transcripts for these genes was found to increase with time,
indicating the increased expression level of these genes.
The fold expression of pili and flagella is summarized in
supplementary information T1. So far, the role of flagella
in bio-electrochemical system is not reported in the literature. However, with the results obtained from this study,
it is predicted that flagella is having role in motility of the
bacterium towards the attractant into the medium. They are
known to mobilise cells, either by towards the attractant or
away from the repellent, based on the environmental factors.
Here, it is predicted that due to higher reduction potential
the electrode acted as an attractant for driving the bacterial cells towards itself. The expression of fli P was found
to be nearly equal in suspension culture and biofilm (differ
in 0.35-fold), indicating it has no role in biofilm formation
(Fig. 3). Whereas, the expression of pil Q was found to be
higher in biofilm-forming cells compared to cells suspended

Fig. 2 SEM images of the
electrode before (a) and after
(b) MFC. The plain carbon fiber
before inoculation is turned into
rough and thick fiber with the
biofilm formation in MFC
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Fig. 3 Expression levels of genes fli P and pil Q after 48 h in K. georgiana MCC 3673 in the biofilm and suspended cells in MFC

in culture medium. This confirms that pili are required for
biofilm formation, which in turn required for the transfer of
electrons to the electrode. The colonization of bacterial cells
on the surface of electrode was also observed by SEM, as
shown in Fig. 2. However, the exact mechanism by which
the pili show electric conductivity or transfer electrons is yet
to be understood in this bacterium.

Fig. 4 Polarization and power density curve showing the performance
of K. georgiana MCC 3673 in MFC

most powerful microbial systems for alternate energy from
recyclable wastes after bio-methanation.

Conclusion
Performance in MFC
The electrogenic performance of K. georgiana MCC 3673
was found to be active for over 4 days in MFC. The increase
in potential was observed immediately after inoculation of
bacteria in MFC. The maximum potential of 0.7 V was produced within 12 h of operation and remained for 5 days, after
which a steady drop was observed which is due to exhaustion of nutrients and growth source. The polarization curve
was drawn understand the electrochemical performance of
the cell. The maximum power density of 393 ± 14 mW/m2
was produced with the OCV of 0.75 V, as shown in Fig. 4.
The significance of the work is in the finding that selected
flagellar fli P and pili genes pil Q are overexpressed during
growth under anaerobic condition in the anode of MFC leading to formation of biofilm and transfer of electrons to the
electrode. The practical applications are that a better understanding of the regulation of genes in the MFC conditions
can enable selective mutations to increase the power density
in MFC. The applications of electroactive bacteria in MFCs
are well known in the literature with regard to wastewater
treatment, dyes reduction, bioremediation, electro-synthesis etc., but their genetic regulation aspects are less known.
There is a need for better understanding of this aspect to
improve MFC performance as they have emerged as second
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The electrogenic ability of the bacterium K. georgiana
MCC 3673 was assumed to be due to the pili, whose
expression levels were found to be nearly fourfold higher
in MFC compared to shake flask incubation. The role of
pili during bio-electricity generation is believed to be playing an important role in forming biofilm, there by exoelectron transfer to the electrode, directly. Hence, resulting
in the generation of maximum power density of nearly
400 mW/m2 in a bio-electrochemical system. The flagella
has aided in motility of the bacterium towards the electrode, which has higher redox potential.
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