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Abstract

Microbial electrogenicity studies represent a new dimension in the development of renewable energy especially
bioelectricity and other bioelectrochemical energy applications. Bioprospecting for electrogenic species that can
subsequently be applied in this regard is ongoing in this budding field. In this study, bacteria were isolated from 5 human
urine and 5 waste water samples collected within the campus of Modibbo Adama University of Technology in Yola. Pure
cultures were screened for electrogenic activities by the 120 hour-Open Circuit Voltage (OCV) versus time determination
using glucose minimal salt medium in a dual-chambered microbial electrochemical reactor connected to a digital mutimeter
system. Anodic biofilm production by the electrogenic isolates was determined using the crystal violet binding assay
method. A total of 37 bacteria were isolated from the samples out of which nine (9) were confirmed to be naturally
electrogenic, while artificial electrochemical inducements using methylene blue as a redox mediator revealed that 16 of
them were sub-electrogenic and 12 were non-electrogenic. The electrogenic isolates were identified as Pseudomonas
species (3 isolates with OCV of 351.00£1.73mV; 288.67+2.52mV; 282.334+3.21mV) followed by Enterobacter species
(221.00+2.65mV, 202.33+£2.52mV), Bacillus species (182.00+£2.65mV, 178.33+2.08). The least electrogenic isolates were
identified as Aeromonas species with OCV values of 128.00+4.36mV and 106.33+0.58mV. Anodic biofilm production was
highest with Pseudomonas species followed by Enterobacter, Aeromonas and Bacillus species respectively. The anodic
biofilm production yield was an indication of the electrogenic mechanism adopted by the isolates. These strains can be
further studied along the line of electrogenicity to enhance favourable application in bioelectricity generation.
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Introduction [7], Park and Zeikus [8] and Ringeisen [9] identified

Shewanella species as a major electrogenic bacteria
and also determined their electrogenic capabilities.
Electrogenic species like Desulfuromonas,

Bacteria with the ability to transfer electrons outside
their cellular structure onto an external material which
is not an immediate electron acceptor are regarded as

electrogenic in nature [1]. This ability has been tapped
into in a wide variety of research works more
frequently in recent times mostly in bioelectricity
generation [2-4]. However, the prospects of this area
of research are greatly dependent on our knowledge
of electrogenic properties within microbial species
around as well as their diversity and abundance.
Electrogenic species have earlier been isolated and
identified and a basic insight into their mechanism of
electron transfer has been researched upon [5, 6]. Kim

Desulfobulbus and Geobacter have also been isolated
and earlier characterized [10, 11]. Geobacter and
Shewanella species have been the most researched-
species, however, there are reports of the inadequacy
of electrogenic characterization with regards to several
environments as vast uncharacterized communities are
still largely unknown, thus showing our inadequacy in
knowledge of electrogenic species [4].

In line with the above, the search for species with
electrogenic potentials within various environments and
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climes is still an active one as well as the mechanisms
governing electron transfer within species remains a
subject of speculation as far as the species are diverse
[12]. Community analyses of bacterial colonization on
anodes of microbial electrochemical reactors, show
the valuable contributions of biofilm development and
structure on the electrogenic capabilities of the
colonizing bacteria [1, 13], thus the claim is that biofilm
structure and function by electrogenic organisms that
dissipate electrons onto an anode within a
bioelectrochemical reactor is a valid point of research
[14].

This work seeks to search for bacteria with
electrogenic capabilities from urine samples and waste
water sites within a university campus in Nigeria as
well as characterize their electrogenicity in line with
their anodic biofilm formation potentials.

Materials and methods

Sample collection

Five (5) waste water samples were collected from
sites within the campus of Modibbo Adama University
of Technology in Yola in northern Nigeria. Five (5)
urine samples were also collected from 3 female and
2 male adult students of the university. The samples
were collected in 20 ml sterile plastic bottles before
transferring to the laboratory for analysis.

Isolation of microorganism

Bacteria isolation from the samples was carried out
using a 10-fold serial dilution and by pour plate
technique onto nutrient agar. Pure cultures of isolated
bacteria were stored in agar slants at 4°C.

Inoculum preparation

After the serial dilutions and isolation, the inoculum
with the dilution factor 10 which had CFU values
ranging from 4.2 x 10>- 6.9 x 10> CFU/ml for all
isolates were used for the electrogenic screening.

Electrogenic screening of isolates

This was carried out with modifications to the method
of Biffinger [15] using a dual chambered microbial
electrochemical reactor. The reactor specifications
include a graphite anode/cathode, 150 ml anodic and
cathodic chamber volume, 74.22 cm? electrode surface
area, copper wire extensions from electrodes to a
digital multimeter (model DM-87, HTC Instruments®,
agar-agar membrane, 21.21 cm® membrane volume,
and polymethyl metacrylate (PMMA) chamber

material. The PMMA reactor was sterilized according
to the protocol of Sharma [16] by a combination of
treatment with 75% ethanol and ultraviolet radiation
(254 nm UV-C; dose — 5000uW.s/cn?) for 30 minutes
at an exposure distance of 10 cm. For electrogenic
screening, a glucose minimal salt media was prepared
with the following composition: Glucose — 10g/1,
(NH,),SO, -2¢g/l, KH,PO, — 1g/l, K,HPO, — 0.4g/1,
MgSO,.7H,0 — 0.5¢g/l, FeSO, — 0.01g/l. the media
was sterilized at 121°C for 15 minutes. The sterile
glucose minimal salt media (pH 7.2) along with a
prepared inoculum of each test isolate were aseptically
introduced into the anode chamber, and a preparation
of 0.5% potassium permanganate solution was used
as the catholyte. The open circuit voltage readings
were monitored via the digital multimeter at 12 hours
interval for a total of 120-hr. Electrogenic isolates were
regarded as isolates that produced a maximum OCV
value of >100mV in a 120h run. To determine isolates
with sub-electrogenic capabilities, isolates were
subjected to a sub-electrogenic screening using
methylene blue solution (30g methylene blue + 300ml
95% ethyl alcohol + Isterile distilled water) as an
artificial mediator to facilitate electrogenesis.

Identification of microorganism

Pure cultures of the electrogenic bacterial isolates were
also subjected to standard microscopic and biochemical
characterization. Characteristics of isolates were
compared with that of known microbial identities [17].

Determination of anodic biofilm formation by isolates

The crystal violet binding assay as described by
Stepanovic et al [18] was employed in the assessment
of anodic biofilm formation by electrogenic isolates.
At the end of the 120-hr electrogenic screening, the
anodes were removed from the anodic chamber reactor
set-up and washed thrice with sterile distilled water.
The adhered cells on the anodes were then fixed with
2.5 ml of 95% ethanol. The anode was then stained
with crystal violet for 12 minutes, and the excess stain
was washed off with flowing water. The anodes were
left to dry for about 3 minutes after which each anode
with biofilm attached dye was re-solubilized with 3 ml
of 30% glacial acetic acid, then the liquid from the
re-solubilization was transferred into a cuvette for
spectrophotometric determination of the optical density
at 600nm.

Statistical analysis

Electrogenic screening was conducted in triplicates and
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the standard deviation and mean values were
calculated.

Results

A total of 37 bacteria were isolated from the samples
and nine (9) isolates were confirmed to be naturally
electrogenic, while 16 of them were sub-electrogenic
and 12 were totally non-electrogenic. Table 1 shows
the results of the electrogenic/sub-electrogenic
screening with maximum OCV at 120-hr. Eight (8) of
the electrogenic species were isolated from waste water
samples while one (1) was isolated from urine sample.

The electrogenic species were presumptively identified
based on their morphology and biochemical properties
as Pseudomonas species, Bacillus species,
Aeromonas species and Enterobacter species (Table
2). The anodic biofilm production properties of these
isolates was determined and the results showed that
Pseudomonas species were the highest biofilm
producers (0.9 OD at 600mn) followed by
Enterobacter species (0.86 OD), Aeromonas species
(0.51 OD), and Bacillus species (0.39 OD) respectively
(Figure 1).

Table 1. Open circuit voltage readings of isolates screened for electrogenicity.

Isolate Code  Source

Electrogenic screening

Sub-electrogenic Electrogenic status

(mVolts) screening
(mVolts)

MTO02 Urine 22.33+1.53 200.33+0.58 SE
MTO03 Urine 35.00+0.00 258.00+4.36 SE
MT04 Waste water 128.00+4.36 260.00+1.00 E

MTO05 Waste water 20.33+£2.31 119.00£1.00 SE
MTO06 Waste water 26.67+£3.51 130.67+2.08 SE
MTO07 Waste water 4.67+1.53 62.33+£2.08 NE
MT08 Waste water 351.00+1.73 417.67+3.79 E

MT09 Waste water 30.00+0.00 71.33+1.53 NE
MT10 Urine 12.67+0.58 148.33+2.08 SE
MT11 Urine 0.00+0.00 51.33+6.11 NE
MT12 Waste water 0.00+0.00 43.00+3.00 NE
MT13 Waste water 182.00+2.65 300.00£1.00 E

MT14 Urine 0.00+0.00 36.00+3.00 NE
MT15 Waste water 31.33+1.53 162.33+2.08 SE
MT16 Urine 26.33+1.53 130.00+0.00 SE
MT17 Urine 0.00+0.00 0.00£0.00 NE
MT18 Waste water 52.00+2.00 113.00£2.00 SE
MT19 Urine 288.67+2.52 380.67+1.15 E

MT20 Waste water 202.33+2.52 327.67+2.08 E

MT21 Waste water 0.00+0.00 14.67+1.53 NE
MT22 Waste water 27.33+1.53 300.00£5.00 SE
MT23 Waste water 66.00£1.00 350.00+£1.00 SE
MT24 Wate water 178.33+2.08 302.33+3.21 E

MT?25 Waste water 13.67+1.15 91.33+1.53 NE
MT26 Waste water 0.00+0.00 0.00£0.00 NE
MT27 Waste water 0.00+0.00 40.67+1.15 NE
MT28 Waste water 106.33+0.58 222.00+1.00 E

MT29 Urine 60.33+1.53 129.33+2.08 SE
MT30 Urine 79.00+2.65 202.00+3.46 SE
MT31 Water water 282.33+3.21 361.33+1.53 E

MT32 Wate water 30.00+0.00 118.33+2.08 SE
MT33 Waste water 0.00+0.00 0.00£0.00 NE
MT34 Waste water 221.00+2.65 350.67+7.02 E

MT35 Urine 24.67+4.16 202.67+4.62 SE
MT36 Urine 83.00+2.00 182.67+3.51 SE
MT37 Urine 93.33+3.51 104.33+4.16 SE

Triplicate values were obtained and the mean + standard deviation was calculated and recorded.

Key: E — electrogenic, SE — sub-electrogenic, NE — non-electrogenic.
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Table 2. Morphological and biochemical characteristics of the electrogenic isolates obtained from urine and waste water
samples.

Isolate Gram = = = Probable
S 5 = )

Code reaction § Z organism
and g 2 > 2 2 .5 @ % g @ £ Q
wopre £ 2 gf£Fof FF g fii.3 fEIfiCsl
logy S £ 55X P 5 E5588=35528832%32

MT 13 Gram Aerobic ND + + - - - - -+ + - - -+ -+ + - - - - Bacillus
positive sp
large
bacilli in
chains

MT 24 Gram Aerobic ND + + - - - - -+ + - - -+ -+ + - - -+ Bacillus
positive sp
baciili

MT 34 Gram Faculta- - -+ + - - - -+ + - - - - - ND + + + + + Entero-
negative tive bacter sp
bacilli anaerob

ic

MT 20 Gram Faculta- - -+ + - - - -+ + - - - - - ND + + + + + Entero-
negative tive bacter sp
bacilli anaerob

ic

MT 08 Gram Faculta- - -+ + + + + - 4+ -+ - - - -4 + - + + - Pseudo-
negative tive monas sp
bacilli anae-

robic

MT 28 Gram Faculta- + -+ - - - - + + -+ - -+ + + - - - - Aeromo-
negative tive nas sp
bacilli anae-

robic

MT 19 Gram Faculta- - -+ + + + + - 4+ -+ - - - -4 + - + + - Pseudo-
negative tive monas sp
bacilli anaerob

ic

MT 31 Gram Faculta- - -+ + + + + - 4+ -+ - - - -4 + - + + - Pseudo-
negative tive monas sp
bacilli anaerob

ic

MT 04 Gram Facultat + -+ - - - - + + - + - - o+ + + - - - - Aeromona
negative ive s Sp
bacilli anaerob

ic

Key: MAC —MacConkey agar; MSA — Mannitol salt agar; ND — Not determined; VP — Voges Proskaeur.
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Figure 1. Anodic biofilm production by electrogenic
isolates.

Discussion

The diversity of electrogenic species in nature are still
being studied. The nine (9) bacteria isolated namely
Pseudomonas species, Enterobacter species, Bacillus
species and Aeromonas species, were isolated from
urine and waste water samples. The occurrence of
electrogenic bacteria within many environmental sites
and samples show that a great deal of metabolism and
activity are responsible for electrogenesis within these
organisms. Results of bacterial isolation in this work
were in agreement with previous research. Phung et
al [19] identified electrogenic microorganisms from
river sediments with about 65% as alphaproteobacteria,
21% betaproteobacteria, 3% gamaproteobacteria, about
8% bacteriodetes and 3% for other bacteria classes.
From waste water samples Lee et al [20], Methe et
al [21] and Kim et al [22] isolated bacteria and
classified them as Alphaproteobacteria, Cytophaga,
Flexibacter, Bacterioides, deltaproteobacteria,
gammaproteobacteria, and betaproteobacteria.
Recently, more diverse microbial species like
Advenella kashmirensis and Desulfovibrio
aminophilus have also been implicated as electrogenic
species from waste water sources [23]. This thus
shows that there is a greater diversity of electrogenic
bacteria than earlier understood, thus leaving a wider
scene for biodiversity research on electrogens,
especially with respect to pure/axenic culture.

In line with isolation of pure culture of electrogenic
species, the presence of electrogenic Pseudomonas
species within the samples tested in this work was
also in agreement with the research of [24] which
characterized Pseudomonas aeruginosa strain as a
potent electrogenic strain. Rabaey and co-researchers
also had a deeper experimentation into the potentials

of Pseudomonas species for electrogenicity [25, 26].
The mechanisms of electrogenicity of Pseudomonas
species were also understudied by Hernandez et al/
[27] and Voggu et al [28], though this area of research
has been subjected to a lot of investigation recently
[12]. The isolation of electrogenic Enterobacter
species in this work is corroborated by the research of
Feng et al [29] which characterized the ability of
Enterobacter species to transfer electrons to an
electrode. A variety of nutrient sources/substrates were
investigated with Enterobacter species to properly
characterize the electrogenicity of the species, and it
showed in their work that the species were truly
electrogenic under all conditions of test.

Pham et al [30] worked on isolating and charac-
terizing an Aeromonas hydrophila as an electrogenic
specie under Iron reducing conditions. They explained
that the specie which they first characterized at that
time as electrogenic was proven to be functional in
electron excretion onto the electrode. Their work is in
correlation with the results of isolation of electrogenic
Aeromonas species as obtained during the course of
this research as the species were proven to be
electrogenic from the results of the electrogenic
screening carried out. Bacillus species isolated in this
work were also in agreement with the research of
Saravanakumar and Angel [31] that identified Bacillus
species and Yoganathan and Ganesh [32] who identified
B. subtilis and B. megaterium as electrogenic species
and applied them in bioelectricity generation. The
isolates were grown on glucose-augmented minimal
media which was similar to that used in this research.
The Bacillus isolates proved to be promising isolates
for application in bioelectricity generation using
microbial electrochemical technologies.

The results of this work corroborate the direct
relationship between the amounts of electrogenic
discharge with the amount of biofilm produced on the
anode by Pseudomonas and Enterobacter species.
There have been reports of relationship between anodic
biofilm formation and bioelectrogenesis [1, 4, 14, 33].
It was observed that a mechanism of electrogenicity
by microorganisms is by direct attachment to the
electrode surfaces as there is a plethora of cell surface
bound cytochromes, surface blebs, and extra-polymeric
substances that help in bridging the distance between
the cell walls and the electrode surface [34].
Pseudomonas species were the highest biofilm
producers and at the same time the most electrogenic
indicationg the possible activity of anodic biofilms as a
mechanism of bioelectrogenicity. However, Bacillus
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species which were the least anodic biofilm producers
were not the least electrogenic isolates as they produced
more electrons than Aderomonas species even if their
anodic biofilm production was less than Aeromonas
species. This thus highlights the fact that there is another
possible mechanism of electrogenicity from Bacillus
species aside the anodic biofilm. This thus calls for
deeper research into the mechanisms of electrogenicity
within identified electrogenic species.

The abilities of electrogenic bacteria can be applied
in bioelectricity generation and used as another form
of renewable energy resource [35]. There is also a
need for deeper insights into means of full elucidation
of mechanisms of electrogenicity as well as means of
optimizing such mechanisms.
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