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Abstract: Electrogenic bacteria present in bioelectrical devices such as soil microbial fuel cells
(SMFCs) are powered by the oxidation of organic and inorganic compounds due to microbial activity.
Fourteen soils randomly selected from Bergen Community College or areas nearby, located in the
state of New Jersey, USA, were used to screen for the presence of electrogenic bacteria. SMFCs were
incubated at 35-37 °C. Of the 14 samples, 11 generated electricity and enriched electrogenic bacteria.
The average optimal electricity production by the top 3 SMFCs was 152 microwatts. The highest
electrical production was produced by SMFC-B1C and SMFC-B1B, with 162 and 152 microwatts,
respectively. Microbial DNA was extracted from the biofilm grown on the anodes, followed by PCR
analysis of the 165 rRNA V3-V4 region. Next-generation sequencing was performed to determine
the structure and diversity of the electrogenic microbial community. The top 3 MFCs with the highest
electricity production showed a bacterial community predominantly composed of bacteria belonging
to the Bacillota and Pseudomonadota phyla with a significant presence of Euryarcheota members
of methanogenic archaea. SMFC-B1C showed a more diverse electrogenic community, followed by
SMFC-B1B and SMFC-B1. When analyzing the top 10 bacteria in the SMFCs, 67 percent belonged
to the class Clostridia, indicating that anaerobic conditions were required to enrich electrogenic
bacterial numbers and optimize electrical production. The ongoing optimization of SMFCs will
provide better production of electricity and continuous enhancement of microbial activity to sustain
longer operational times and higher levels of electrogenesis. The characterization of electrogenic
microbial communities will provide valuable information to understand the contribution of different
populations to the production of electricity in bioelectrical devices.

Keywords: soil microbial fuel cells; 165 rRNA analysis; electrogenic bacteria; Bacillota; Pseudomon-
adota; Euryarcheota; bioelectrical devices

1. Introduction

There is no other environment on earth as complex as soil [1,2]. Microorganisms are
crucial for soil fertility and plant productivity by the recycling of carbon, nitrogen, and phos-
phorus [3,4]. For instance, there are some biochemical reactions that are only performed by
microorganisms such as nitrogen fixation and cellulose biodegradation. The decomposition
of organic compounds in soils is based upon the oxidation of different substances such as
carbohydrates, fats, and proteins supporting microbial metabolism to sustain growth and
survival in a very dynamic and competitive matrix [5,6]. The microbial decomposition of
organic matter under aerobic conditions results in the complete mineralization of organic
materials to carbon dioxide and water. However, when anaerobic conditions are present,
microbial activity is driven by processes such as anaerobic respiration, fermentation, and
methanogenesis. Based upon 165 rRNA analyses of soils around the world, bacterial
communities in soils are mostly composed of the phyla Acidobacteriota, Actinomycetota,
Bacteroidota, and Pseudomonadota. Other phyla such as Bacillota, Chloroflexota, Plan-
tomycetota, and Verrucomicrobiota occurred in lower numbers [5,7]. A large percentage
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of soil bacteria did not match with any known bacterial phylum, nor they have been
isolated and biochemically characterized in the laboratory [5-7]. Previous studies by our
laboratory reported that bacteria belonging to the phyla Acidobacteriota, Actinomycetota,
Chloroflexota, Plantomycetota, and Pseudomonadota were the dominant types in soils
at Bergen Community College (BCC) [8]. The phyla Actinomycetota or Pseudomonadota
were always the top two types in soils from different locations. The contributions of these
bacterial phyla to the cycling of carbon and nitrogen in soils are well documented [6-8].

Energy generation around the world mostly relies on non-renewable sources such
as fossil fuels [9]. Unfortunately, the use of fossil fuels has led to serious environmental
contamination problems and global warming [10]. Because of the continuous growth
of human populations and the quick industrialization of underdeveloped countries, the
demand for fossil fuels has increased. This leads to more energy consumption and the fast
depletion of non-renewable energy sources such as coal, gas, and oil. Evidently, there is a
need to develop renewable energy sources to reduce the dependance on non-renewable
sources and decrease environmental pollution and global warming. Technologies such as
wind, hydro, and solar power provide clean and sustainable sources of energy [10]. One of
the technologies that is currently being developed to provide sustainable and renewable
energy via the microbial oxidation of organic compounds is microbial fuel cells (MFCs) [11].

In MECs, the transfer of electrons to the anode electrodes is carried out by membrane
cytochromes, pili, nanowires, and protein complexes [11]. Furthermore, some microor-
ganisms carry out the transfer indirectly using environmental or self-produced electron
mediators [12]. Once the electrons are transferred to the anode, they flow to the cathode,
producing an electrical current. In the cathode, electron acceptors react with both electrons
and protons, producing reduced chemical compounds such as water. There are several
publications demonstrating electrical productions by soil microbial fuel cells (SMFCs) using
different formats [13-16]. Aerobic and anaerobic soil microbial fuel cells (SMFCs) have
been constructed with single and multiple chambers, optimizing electricity generation
and microbial activity. Double-chamber cells consist of two chambers with the anode and
cathode separated and joined by a cation-exchange membrane.

Single-chamber cells have the electrodes at opposite ends, with the anode buried in
the soil and cathode on top. Different types of graphite felt electrodes have been tested as
the anode in an air-cathode and membraneless SMFC [17]. The composition of the cathode
has been also shown to be critical for optimizing electrical production [18]. For instance,
graphite felt electrodes provided optimal electrogenesis with higher voltage and catalytic
activity. One of the problems during the SMFC operation is the eventual depletion of
the organic carbon present in the soil with the gradual reduction in and termination of
electrogenesis. However, hybrid SMFCs with plants and soils have been shown to sustain
long-term activity by continuously supplying photosynthetic products to the microbial
community [19]. The depletion of organic matter in the SMFC can also be avoided by the
addition of external carbon sources such as compost, cellulose, or glucose to replenish the
materials lost during microbial oxidation [20,21].

Soil chemistry is one of the major factors affecting electrogenesis in SFMCs [14,22,23].
Certain types of organic compounds such as polyphenols may limit the production of elec-
trical power by bacterial communities. SMFCs developed from forest and agricultural soils
were shown to sustain an electrogenic bacterial community where agricultural SMFCs gen-
erated 17 times more electricity and 10 times higher respiration rates than forest SMFCs [14].
High-clay-content SMFCs demonstrated optimal electrogenesis and longer operational
times by providing a less porous and permeable matrix, optimizing anaerobic conditions in
the anode [22]. Furthermore, faster start-up times and electrogenic activity were reported
with high organic matter. Start-up operational times are defined as the enrichment process
when bacteria adapt to anaerobic conditions and develop an optimal biomass on the anode
surface, resulting in electrical output through the oxidation of natural substances.

The ability to generate electricity from the oxidation of organic compounds in soils
is widespread through different bacterial phyla. Bacterial belonging to the phyla Pseu-
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domonadota, Bacillota, Actinomycetota, and Bacteroidota were shown to be electrogenic in
MFCs [11]. As of now, Geobacter sulfurreducens has been shown to be the most electrogenic
microorganisms [11,24]. Pure and mixed cultures of G. sulfurreducens have been used to
generate electricity in SMFCs. G. sulforreducens has been shown to reduce Fe*® using a
variety of organic compounds as electron donors. Bacteria from the phylum Bacillota such
as Bacillus and Clostridium have been shown to be important members of the electrogenic
bacterial community in SMFCs [8,11,14].

Previous studies in our laboratory demonstrated a sustainable electrical production
lasting a maximum of 23 days with a power output of 73 microwatts [8]. The maximum
power output by SMFCs was reported to be 80 microwatts, but it lasted only 12 days. 165
rRNA analysis showed that the most abundant bacteria in the anodes were members of
Pseudomonadota, Bacillota, Actinomycetota, Chloroflexota, and Planctomycetota. SM-
FCs lacking large numbers of bacteria belonging to Bacillota did not generate electricity.
However, only six soil samples from different locations were used to build the SMFCs.
Additional soil locations were later analyzed, and a higher electrical output was reported to
be 143 microwatts after 15 days at 37 °C [25]. The predominant bacteria in the electrogenic
community were shown to belong to the phylum Bacillota of the class Clostridia. The major
objectives of this study were to continue sampling additional soil locations around BCC
to determine if they have the potential to generate higher electrical output and compare
and analyze the electrogenic bacterial community using 16S rRNA analysis at different
taxonomical levels.

2. Materials and Methods
2.1. Soil Sampling

Fourteen surface soils were collected from different locations at BCC and two from
Saddle River County Park located in the city of Paramus, NJ, USA. Samples were aseptically
taken, as previously described [8]. Each soil type was immediately used to make mud
suspensions, as described below.

2.2. Microbial Fuel Cell Assembly

Mud suspensions in deionized water were constructed using soils. The mud sus-
pensions were placed into the MudWatt cells [8]. SMFC-B1C and SMFC-B1D were built
from the same soil location, but dry leaves were mixed with mud to make SMFC-B1C.
Mud suspensions from the same soil location were split to build SMFC-B1A and SMC-B1B.
SMFC-B1A was built by mixing the content of a blood agar plate with mud. A different soil
sample was also used to develop SMFC-2A and SMFC-2B.

The electrodes were constructed from a circular carbon cloth. The cylindrical MFC
was made of a plastic material with a plastic lid. For each SMFC, about 1 cm of mud was
placed at the bottom of the plastic container before installing the anode; additional soil was
added on top of the anode until the SMFC was 90% full. The cathode was placed on top of
the mud. The hacker board was placed on the indentation of the lid (Figure 1). The board
has a microchip that will take the power generated by the MFC and convert the voltage
to 2.4 V in short bursts, which will power the light-emitting diode (LED). The anode and
cathode were connected to the hacker board, and the lid was attached to seal the container.
Finally, the LED and capacitor were connected to the hacker board, and the SMFCs were
incubated at 35-37 °C.
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Figure 1. Soil microbial fuel cells.

2.3. Electricity and Electrogenic Bacteria Measurements

The electrical power output and number of electrogenic bacteria were measured
using an application (App) downloaded into an iPhone 14 as previously described [8].
The App was developed by Keego Technologies (http://www.mudwatt.com, accessed on
10 November 2023) and was freely available from the Apple App Store.

2.4. DNA Extraction and PCR Analysis of Bacterial 165 rRNA Genes in SMFC Samples

Approximately 250 milligrams of the biofilm grown on the anode from SMFC-B1,
SMFC-B1B, and SMFC-B1C was aseptically added separately to BashingBead™ Lysis
Buffer (Zymo Research, Irvine, CA, USA). Samples were mixed for 5 min at maximum
speed. After mixing, centrifugation was performed at 10,000 x g for 3 min. DNA was
extracted as described by Rumora et al. [25].

After the extraction was completed, DNA concentration was determined by using the
Qubit® dsDNA HS assay, as previously described by Jimenez et al. [26]. PCR amplification
of extracted DNA was performed using primers 341f (CCTACGGGNGGCWGCAG) and
785r (GACTACHVGGGTATCTAATCC), which amplified the V3-V4 fragment of the 16S
rRNA gene with a size of approximately 465 base pairs (bps). Reaction conditions were as
follows: 95 °C for 5 min, followed by 25 cycles consisting of denaturation at 95 °C for 40 s,
annealing at 55 °C for 2 min, and extension at 72 °C for 1 min. After the 25 cycles were
completed, a final extension step at 72 °C for 7 min was added to the reaction [27]. Ready-
To-Go (RTG) PCR beads (GE Healthcare, Buckinghamshire, UK) were used for each PCR
reaction volume, as previously described [26]. Reaction mixtures were added to the TI00TM
thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA) or Mastercycler thermal cycler
(Eppendorf Scientific, Westbury, NY, USA). After PCR amplification, amplicon detection
was analyzed through gel electrophoresis using the FlashGel system (Lonza Inc., Rockland,
ME, USA) [26]. A FlashGel DNA Marker (Lonza Inc., Rockland, ME, USA) with fragment
sizes ranging from 100 bp to 4 kilo bases (kbs) was used to determine the presence of the
correct DNA fragments.

2.5. DNA Sequencing Analysis of 165 YRNA Genes in SMFC Samples

To determine the electrogenic bacterial community present in the anodes of the SMFCs,
the V3-V4 region (465 bp) of the 16S rRNA gene was amplified using PCR, as previously
described [25]. Next-generation sequencing was performed using an Illumina MiSeq proto-
col (Illumina, San Diego, CA, USA). Bioinformatic analysis was performed as described by
Jimenez et al. [8].
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2.6. Analysis of Cellulase Genes in SMFC Samples

DNA was extracted from the anode biofilm grown in SMFCs with the highest electrical
output and electrogenic bacteria, as described above. The presence of cellulase genes
belonging to glycoside hydrolase (GH) family 48 was determined using a PCR reaction,
as previously described [28]. After the PCR reaction was completed, amplicon detection
was analyzed via gel electrophoresis using the FlashGel system (Lonza Inc., Rockland, ME,
USA) [26]. A FlashGel DNA Marker (Lonza Inc., Rockland, ME, USA) with fragment sizes
ranging from 100 bps to 4 kilo bases (kbs) was used to determine the presence of the correct
DNA fragments. The quantification of the PCR fragments was performed using the Qubit®
dsDNA HS assay, as previously described by Jimenez et al. [26].

3. Results
3.1. Electricity Generation and Electrogenic Bacteria by SMFCs

Eleven out of fourteen SMFCs generated some electricity and enriched electrogenic
bacteria (Tables 1 and 2). The average highest electrical generation between all fourteen
SMEFC was 63 microwatts. Start-up days for SMFCs ranged from 1 to 11 days. Only SMFC1
SMFC-AT, and SMFC-T1 did not show any electrical production or any electrogenic bacte-
ria. The fastest generation of electricity was obtained after 1 day by SMFC-CT, SMFC-B1,
and SMFC-T4. Of all three, SMFC-CT showed the highest output with 15 microwatts
of electricity with 3.19 x 10® electrogenic bacteria. SMFC-B1 showed electrical output
after 1 day. However, it was half the value detected by SMFC-CT. The highest electric-
ity produced at the start-up day was produced by SMFC-B1D with 45 microwatts and
9.49 x 10% electrogenic bacteria.

Table 1. Electrical output by SMFCs.

Name S Microwatts H Microwatts
SMFC1 0 0 0 0
SMEFC2 5 6 7 20
SMFC3 3 13 12 80

SMFC-B1 1 7 14 143
SMFC-B2A 11 2 26 50
SMFC-B2B 11 24 21 31
SMFC-B1A 8 1 16 24
SMFC-B1B 9 3 16 152

SMFC-CT 1 15 1 15

SMFC-AT 0 0 0 0
SMFC-B1C 6 7 14 161
SMFC-B1D 6 45 8 88

SMFC-T1 0 0

SMEFC-T4 1 2 7 111

S = electricity start day; H = electricity highest day.

The time for maximum electrical output by SMFCs ranged from 1 to 21 days. The
highest electrical output was detected by SMFC-B1C with 161 microwatts after 14 days.
The number of electrogenic bacteria for SMFC-B1C was 3.37 x 10°. The second highest
electrical output was shown by SMFC-B1B, with 152 microwatts and 3.17 x 10° electrogenic
bacteria after 16 days.

SMEFC-B1C showed the longest sustainable production of electricity with values over
100 microwatts (Figure 2). After 6 days, electrical output increased dramatically until
reaching a maximum of 161 at 14 days, leveling off for one more day and decreasing down
to 135 microwatts after 21 days. At 22 days, there was a slight increase to 140 microwatts,
followed by a steady decrease to 115 microwatts after 29 days. It was the only SMFC with
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a double-digit electrical output after 20 days. The sample was stopped after 29 days to
determine the bacterial community.

Table 2. Number of electrogenic bacteria in SMFCs.

Name EBS EBH
SMFC1 0 0
SMFC2 1.37 x 108 433 x 108
SMFC3 2.71 x 108 1.67 x 10°
SMFC-B1 1.51 x 108 2.99 x 10°
SMFC-B2A 5.43 x 107 1.06 x 10°
SMFC-B2B 5.08 x 108 6.53 x 108
SMFC-B1A 3.70 x 107 5.15 x 108
SMFC-B1B 8.14 x 107 3.17 x 10°
SMFC-CT 3.19 x 108 3.19 x 108
SMEC-AT 0 0
SMFC-B1C 1.55 x 108 3.37 x 107
SMFC-B1D 9.49 x 108 1.84 x 10°
SMFC-T1 0 0
SMFC-T4 4.71 x 107 2.31 x 10°

EBS = electrogenic bacteria start day; EBH = electrogenic bacteria highest day.

SMFC-B1D built with soil from the same location but without leaves did not produce
double-digit values, reaching an optimal electrical output of 88 microwatts after 8 days.
After 8 days, electrical output by SMFC-B1D decreased to 20 microwatts (15 days), followed
by a sudden spike of 52 microwatts at 16 days. No electrical output was detected after
21 days.

180
160
140
120

2

S 100
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5 80 e SMFC-B1C

Z w0 «esees SMFC-BID
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20 = == SMFC-BIB

0

Figure 2. Electricity (microwatts) generation over days by SMFCs.

SMFC-B1A built from the same soil as SMFC-B1B but amended with blood agar never
generated as much electricity. It reached a maximum of 24 microwatts after 16 days, going
down to 5 microwatts after 20 days. However, SMFC-B1B reached an optimal electrical
output of 152 microwatts after 16 days. The first significant increase was detected after
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13 days with 128 microwatts. To determine the bacterial community in SMFC-B1B, the
sample was stopped after 20 days when electricity was measured to be 73 microwatts.

Different results were detected with SMFC-2A and SMFC-2B, which were built from
soils from the same location but with a different setup. With blood agar added to SMFC-2A,
the electrical output reached a high of 50 microwatts compared to 31 microwatts generated
by SMFC-2B (Table 1).

3.2. Diversity, Bacteria and Archaea Phyla in SMFCs with High Electrical Output

Alpha diversity is a measurement of the microbial diversity of each SMFC. Figure 3
shows the number of observed species in the samples. Observed species as operational taxo-
nomic units (OTUs) were detected based upon minimum 97% identity criteria. Greater bac-
terial diversity was found in SMFC-B1C (746), followed by SMFC-B1B (637), and B1B (232).

800

200
100
0

MFC-B1 MEFC-B1B MFC-B1C

Figure 3. Alpha diversity of SMFCs. (number of species per sample).

The analysis of 165 rRNA genes from the anode of SMFC-B1 showed 13 bacteria phyla
(Figure 4). Bacteria belonging to the phylum Bacillota accounted for 63.5% of the anode
bacterial community, followed by unclassified bacteria (13.8%), Pseudomonadota (9.4%),
Actinomycetota (2.9%), Acidobacteriota (1%), Chloroflexota (1%), Plantomycetota (1.6%),
and Mycoplasmatota (0.7%). All other phyla showed values of less than 0.5%. Two archaea
phyla were detected. These were Euryarcheota (4.1%) and Crenarcheota (0.5%).

The electrogenic community of SMFC-B1B showed 12 bacteria phyla (Figure 4). Bacte-
ria belonging to the phylum Bacillota accounted for 79.6% of the anode bacterial community,
followed by Pseudomonadota (6.7%), Mycoplasmatota (2.7%), Plantomycetota (1.5%), un-
classified bacteria (1.1%), Actinomycetota (0.7%), Bacteroidota (0.6%), Acidobacteriota
(0.5%), Chloroflexota (0.5%), Verrucomicrobiota (0.5%), and the rest with less than 0.4%.
Two archaea phyla were detected. These were Euryarcheota (4%) and Crenarcheota (0.9%).

The electrogenic community of SMFC-B1C showed 17 bacteria phyla (Figure 4). Bacte-
ria belonging to the phylum Bacillota accounted for 55.5% of the anode bacterial commu-
nity, followed by Pseudomonadota (19.1%), Actinomycetota (2.2%), Bacteroidota (5.0%),
Acidobacteriota (3.2%), Chloroflexota (2.4%), Planctomycetota (1.6%), Verrucomicrobiota
(1.4%), and unclassified bacteria (1.2%), with all other phyla being below 0.7%. Three
archaea phyla were detected. The Euryarcheota accounted for 4.7%, followed by Chrenar-
cheota (0.7%) and Thaumarcheota (0.1%).
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Figure 4. Relative abundances of bacteria and archaea phyla in SMFCs.

3.3. Distribution of Bacteria and Archaea in SMFC with High Electrical Output

When lower taxonomical levels were analyzed from the anode in SMFC-B1, 8 of the
10 most abundant bacteria belonged to the Bacillota phylum (Table 3). Only one other
phylum, e.g., Pseudomonadota, was represented in the top ten bacteria. This sequence
was identified as part of the genus Magnetospirillum with 1.7% of the sequences. The most
abundant bacteria in SMFC-B1 were unidentified, e.g., 13.8%, since it did not match any
bacteria at any taxonomical level. Three bacteria were identified as members of the family
Ruminococcaceae. Only two Bacillota bacteria were identified at the genus level with
Caldicoprobacter and Mobilitalea. Two bacteria were classified as members of the Bacillota
without any possible match at a lower taxonomic level.

All top 10 sequences in SMFC-B1B were identified as members of the phylum Bacillota,
with 6 out the 10 belonging to the order Clostridiales (Table 4). Four of the six were members
of the family Ruminococcaceae, and one was identified as Heliobacteriaceae. Only one
sequence was identified at the genus level as Gracilibacter. There were four sequences that
belonged to the Bacillota but did not match any taxonomical level below phylum. The
most abundant bacteria in SMFC-B1 were a sequence related to the class Clostridia, order
Clostridiales, family Ruminococcaceae, e.g., 6.7%.
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Table 3. Dominant 165 rRNA sequences in the SMFC-B1 anode.

Phylum, Class Order, Family Genus Percent
Unclassified NM * NM * 13.8
Bacillota, Clostridia Clostridiales, Heliobacteriaceae NM * 8.4
Bacillota, Clostridia Clostridiales, Ruminococcaceae NM * 3.1
Bacillota, Clostridia Clostridiales, Caldicoprobacteraceae Caldicoprobacter 3.0
Bacillota, NM * NM * 2.6
Bacillota, Clostridia Clostridiales, Lachnospiraceae Mobilitalea 2.2
Bacillota, Clostridia Clostridiales, Ruminococcaceae NM * 2.0
Pseudomonadota, Alphaproteobacteria Rhodospirillales, Rhodospirillaceae Magnetospirillum 1.7
Bacillota NM * NM * 1.7
Bacillota, Clostridia Clostridiales, Ruminococcaceae NM * 1.6
* No match.

Table 4. Dominant 165 rRNA sequences in the SMFC-B1B anode.

Phylum, Class Order, Family Genus Percent
Bacillota, Clostridia Clostridiales, Ruminococcaceae NM * 6.7
Bacillota, Clostridia Clostridiales, Gracilibacteraceae Gracilibacter 6.3
Bacillota, Clostridia Clostridiales, Heliobacteriaceae NM * 5.0
Bacillota, Clostridia Clostridiales, Ruminococcaceae NM * 3.8

Bacillota, NM * NM * NM * 2.5

Bacillota, NM * NM * NM * 2.2

Bacillota, NM * NM * NM * 2.1

Bacillota, NM * NM * NM * 2.1
Bacillota, Clostridia Clostridiales, Ruminococcaceae NM * 2.0
Bacillota, Clostridia Clostridiales, Ruminococcaceae NM * 2.0

* No match.

In SMFC-BIC, 8 of the top 10 bacteria belonged to the phylum Bacillota. The other two
were members of the Pseudomonadota (Table 5). The number one sequence was identified
to be a member the Pseudomonadota genus Azospira. Another Pseudomonadota was
identified at the genus level as Bdellovibrio. The Bacillota order Clostridiales accounted for
seven of the bacteria, with two identified as part of the genera Mobilitalea and Gracilibacter.
Two bacteria were identified as members of the family Ruminococcaceae. One sequence
was related to the class Clostridia, order Clostridiales but did not match any known bacteria
at lower taxonomical levels. One other sequence was identified as belonging to the class
Clostridia but did not match any known taxonomic level below.

Table 5. Dominant 165 rRNA sequences in the SMFC-B1C anode.

Phylum, Class Order, Family Genus Percent
Pseudomonadota, Alphaproteobacteria Rhodocyclales, Rhodocyclaceae Azospira 6.8
Bacillota, Clostridia Clostridiales, Lachnospiraceae Mobilitalea 6.7
Bacillota, Clostridia Clostridiales, Gracilibacteraceae Gracilibacter 3.5
Bacillota, Clostridia Clostridiales, NM * NM * 3.5
Pseudomonadota, Deltaproteobacteria Bdellovibrionalles, Bdellovibrionaceae Bdellovibrio 3.2
Bacillota, Clostridia Clostridiales, Christensenellaceae NM * 2.6
Bacillota, Clostridia NM * NM * 2.3
Bacillota, Clostridia Clostridiales, NM * NM * 2.3
Bacillota, Clostridia Clostridiales, Ruminococcaceae NM * 2.0
Bacillota, Clostridia Clostridiales, Ruminococcaceae NM * 1.9

* No match.
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Archaea Types

Methanomassiliicoccus luminyensis

Methanosarcina horonobensis-siciliae-...
Methanosarcina horonobensis-siciliae

Methanosarcina barkeri-horonobensis-siciliae

Methanocella paludicola-sp881-sp882

Methanobacterium arcticum-bryantii

Archaea were the third most abundant species in SMFC-B1B (4.0%) and SMFC-B1C
(4.7%) and fourth in SMFC-B1 (4.5%) (Figure 4). Higher archaea diversity was detected in
SMEFC-B1C (Figure 5). Most archaea were members of the phylum euryarchaeota (80%). The
genera represented were Methanobacterium, Methanocella, Methanosarcina, Methanomassiliic-
occus, family Methanocellaceae, and order Thermoplasmatales (Figure 5). Four sequences
were related to the phylum Chrenarcheota, but no matches were found with any known ar-
chaea at lower taxonomical levels. Higher frequencies of archaea were found in SMFC-B1C
than in the other two cells. A sequence related to the family Methanocellaceae (1.6%) was
the most abundant in SMFC-B1C but was also found in the other two cells. Different species
of the genera Methanosarcina were widely distributed in all three cells. Methanobacterium
was also found in all three cells. One of the Crenarcheota sequences, e.g., 1381, was detected
in all SMFCs.

ESMFC-B1 =ESMFC-B1B =SMFC-B1C

Crenarchaeotic Group 1425
Crenarchaeotic Group sp1381
Crenarchaeotic Group 1371
Crenarchaeotic Group 1364

Thermoplasmatales

Methanosarcina vacuolata

Methanosarcina mazei

Methanosarcina barkeri

Methanosarcina

Methanocellaceae

Methanocella paludicola

Methanocella arvoryzae

Methanobacterium oryzae 020% - 030% ————————=

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%100%

Percentage

Figure 5. Relative abundance of archaea in SMFCs.

3.4. PCR Detection and Quantification of Cellulase Genes in SMFCs

The presence of cellulase genes from family GH48 was analyzed in all three SM-
FCs with the highest electrical production and electrogenic bacteria. Figure 6 shows the
gel electrophoresis results for SMFC-B1, SMFC-B1B, and SMFC-B1C. The presence of a
430 bp fragment indicated a positive result. The intensity of the PCR band was higher
in SMFC-B1C, which was the sample with leaves. The quantitation of the DNA frag-
ment demonstrated that the concentration in SMFC-B1C was more than twice the amount
detected in SMFCs with no cellulose (Table 6).
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Figure 6. Gel electrophoresis analysis of GH48 genes in SMFCs. Lane 1: molecular-weight markers.
Lane 2: SFMC-B1. Lane 3: SMFC-B1B. Lane 4: SMFC-B1C.

Table 6. The quantitation of GH48 genes in SMFCs.

Sample DNA Concentration Micrograms/mL
SMFC-B1 1.59
SMFC-B1B 1.95
SMFC-B1C 4.38

4. Discussion

Fourteen SMFCs were constructed using soils from different locations at BCC. The
oxidation of organic compounds in the SMFC’s provided the electrons needed to generate
an electrical power to sustain electrical production by most of the cells. However, some
SMECs did not generate any electrical power, and neither did we detect the presence of
electrogenic bacteria. Previous studies by our laboratory demonstrated that the presence of
a significant number of bacteria belonging to the phylum Bacillota was needed to generate
significant electrical output due to the fact that the anaerobic conditions in the SMFC-
enriched electrogenic bacteria did not use oxygen as the last electron acceptor for the
degradation of organic matter [8,25]. Most soil locations tested were able to support the
development of a viable and sustainable electrogenic bacterial community. In those samples,
the oxidation of organic substances provided electrons to the anode to produce electricity,
while protons migrate to the cathode through the soil. For each electron produced as an
electrical current, a proton is also produced. Compared to other studies, two new samples,
SMFC-B1B and SMFC-B1C, produced higher electrical power and electrogenic bacterial
numbers. They produced 6% and 11% more electricity than SMFC-B1, which was previously
reported to be the SMFC with the highest electrical output [25]. Of the three SMFCs, only
SMFC-B1C exhibited a sustainable electrical production with double-digit values after
21 days of operational time. This is the first time that we recorded a SMFC with such a high
and sustainable electrical production. Electrical production relied on the oxidation of native
organic substances in the SMFCs. The addition of leaves (cellulose) to the mud to develop
SMFC-B1C might have provided additional carbon sources to sustain a longer operational
time and higher electrical output compared to any other SMFC. Furthermore, cellulase
genes such as GH48 were found to be significantly increased by qualitative and quantitative
analyses such as PCR amplification and the quantitation of the amplified fragment. GH48
genes were widely distributed in soils at BCC, with bacteria from the Pseudomonadota and
Actinomycetota comprising most of the community [28]. Cellulases of the GH48 family are
one of the most important GHs responsible for the biodegradation of crystalline cellulose to
glucose. Most cellulose in the environment is found in plant material biomass based upon
crystalline cellulose bound to hemicellulose and lignin. The presence of GH48 cellulases is
essential to breakdown cellulose to glucose. The biodegradation of cellulose will provide
additional organic compounds such as cellobiose and glucose for the electrogenic bacteria
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to enhance electron transfer to the anode. A different carbon source, e.g., blood agar, added
to the mud to construct SMFC-B1A and SMFC-2A did not produce a significant increase in
sustainable electrical production.

Initial electrogenic activity in the SMFCs might have relied on the oxidation of the
native organic substances in soil. But, those substances were significantly depleted, and
it was not until other members of the bacterial community were capable of producing
metabolic intermediates such as organic acids that electrogenic bacteria had additional
organic substances to serve as electron generators to the anode. Soil organic carbon,
mineralization rates, and bacterial community structure have been demonstrated to impact
the performance of SMFCs [11,14,23]. Because of the closed system used in this study, the
depletion of natural substrates led to the eventual reduction in electricity production and
electrogenic bacterial numbers. This depletion was overcome in SMFC-B1C through the
addition of cellulose, providing additional carbon sources for bacterial oxidation, resulting
in higher electrical production and longer operational times. Acetate is a major intermediate
to cellulose biodegradation and can be used for electrogenesis [21]. Future studies in our
laboratory will develop new SMFCs with different concentrations of cellulose to optimize
electrogenesis. We will also clone the GH48 genes to characterize the bacterial community
responsible for cellulose biodegradation in the SMFCs.

Another strategy to overcome the depletion or carbon sources is the development of
self-contained hybrid plant-soil MFCs (PSMFCs). These PSMFCs were shown to provide
continuous addition of carbon substances via photosynthesis to compensate for the loss of
organic matter and subsequent decay of electrical production [19]. Other studies demon-
strated that electrode spacing and the addition of external organic carbon can also optimize
electrical output and electrogenic bacterial numbers [22,29,30]. Substrate addition into the
SMEC to compensate for the loss of organic material was observed to be better applied
when electricity generation was decreasing instead of having a continuous system [22,29].
The quality of the available organic matter in soil affected the performance of SMFCs
constructed from agricultural and forest soils [14]. SMFCs from agricultural soils showed
17 times more electricity than forest soils with respiration rates 10 times higher. Higher con-
centration of water-soluble polyphenols in forest soils compared to agricultural soils may
have reduced the availability of organic matter to optimize microbial activity. Furthermore,
in another study, soils with high clay contents and organic matter concentrations supported
faster and higher electrogenic activity [22]. High clay content provided a stronger barrier
to prevent the diffusion of oxygen into the anode, facilitating the development of anaerobic
conditions. Soil characteristics related to electrical production by electrogenic bacteria will
be further investigated by analyzing the chemical and physical compositions of the soils
used to generate SMFC-B1B and SMFC-B1C.

To understand the compositions of the electrogenic bacteria communities enriched
in SMFC-B1, SMFC-B1B, and SMFC-B1C, 16S rRNA analysis was performed on extracted
microbial DNA from all anodes. Bacterial communities in soils at BCC were shown to be
predominantly composed of the phyla Actinomycetota, Pseudomonadota, Chloroflexota,
Acidobacteriota, and Planctomycetota [8]. These soils never showed a significant number
of bacteria belonging to the phylum Bacillota. The highest percentage ever reported in
soils at BCC was 1.23% [8]. We used single-chamber cells with the anode buried in the
SMEC and the cathode on top. Samples were taken from the biofilm on the anode. The
bacterial diversity in SMFC-B1C was the highest, followed by SMFC-B1B and SMFC-B1.
We detected 20 bacteria and archaea phyla with the phylum Bacillota representing more
than half of the bacteria in all cells. The only other bacterial phylum with double-digit num-
bers was the Pseudomonadota in SMFC-B1C. Bacteria belonging to the phylum Bacillota
were the predominant classes, orders, families, and genera in SMFC-B1, SMFC-B1B, and
SMFC-B1C. We found similar results with other SMFCs previously reported, where the
increase in Bacillota bacteria compared to soils was required to generate electricity [8,25].
The 165 rRNA sequences with the highest frequencies in SMFC-B1 were unclassified bac-
teria, demonstrating the inability of current databases to identify some environmental



Appl. Microbiol. 2024, 4

930

communities [31,32]. The predominant bacteria in SEFMC-B1B were found to be members
of the class Clostridia family Ruminococcaceae. Unfortunately, no matches were found
at lower taxonomical levels. In SMFC-B1C, the most abundant bacteria were found to be
members of the Pseudomonadota genus Azospira. The genus Azospira showed significant
frequencies in the anodes of a wastewater MFC [33]. They can denitrify under anaerobic
conditions with very high electrogenic activity. An uncultured Azospira sp. clone accounted
for 65% of the community in MFCs with anodes built with granular graphite [34]. Different
anode materials such as granulated activated carbon and carbon felt cube led to a bacterial
community that consisted mostly of the genus Geobacter. The chemical composition of
the electrodes influenced the formation of biofilms, affecting the adhesion and growth of
electrogenic bacteria.

Overall, members of Bacillota, class Clostridia, family Ruminococcaceae were widely
distributed in the three SFMCs. Bacteria from the class Clostridia were previously shown
to be important contributors in SMFCs during electricity generation, either by directly
generating electrons transferred to the anode via the oxidation of organic substances or by
producing organic acids that were subsequently oxidized by other electrogenic bacteria
within the anerobic environment of the SMFCs [8,14,15,21,24,25,30,35]. Furthermore, the
isolation of electrogenic bacteria from SMFCs built with soils from seven sites in China
demonstrated that 11 of the 15 bacteria were phylogenetically related to the genus Clostrid-
ium [35].

In addition to bacteria from the phylum Bacillota, two other Pseudomonadota genera
were found to be very important members of the electrogenic bacterial community in SMFC-
B1 and SMFC-B1C. They were Magnetospirillum sp. and Bdellovibrio. Magnetospirillum
sp. was previously reported to be an important member of the electrogenic bacterial
community in SMFC-B1 [25]. Magnetospirillum sp. can ingest iron and proteins inside
the cells, interacting with it to produce magnetite that is located inside membranous
structures called magnetosomes. Most electrogenic bacteria such as Clostridium sp. and
Magnetospirillum sp. showed the ability to reduce Fe(IIl). However, some can also reduce
nitrate. Magnetospirillum sp. was also shown to be predominantly present in the anodic
biofilms developed by an anaerobic sludge-MFC [36]. Furthermore, when present along
with Clostridium sp. these bacteria optimized electricity generation. SMFCs developed
from Chinese soils showed a predominantly electrogenic bacterial community composed
of bacteria belonging to the class Clostridia that were capable of reducing Fe(III) [35].
They reported that the family Clostridiaceae were the predominant electrogenic bacteria in
soils. SMFCs constructed with German soils also showed an increase in the abundance of
bacteria belonging to the Bacillota phylum when electricity production was the highest [30].
In that study, they found that the electrode materials were the most important factor
for sustainable electrical generation. Modified stainless steel produced optimal electrical
generation compared to carbon felt. They concluded that microbial diversity and soil
chemistry were not as important during the optimization of electrical production.

The other bacterial genus belonging to the phylum Pseudomonadota found to be a
predominant member of the electrogenic bacterial community in the anode of SMFC-B1C
was Bdellovibrio. This is the first report of these bacteria to be members of electrogenic
bacterial communities in SMFCs generating significant electrical outputs. Bdellovibrio
species are predatory bacteria that are widely distributed in soil and aquatic systems that
prey upon Gram-negative bacteria [37]. However, Gram-positive bacteria are not affected
by them. The high frequency of these bacteria in some environments was positively
correlated with higher microbial alpha-diversity in activate sludge. They might have been
actively preyed on highly abundant bacterial species opening up specific niches for rare
taxa in SMFC-B1C [38]. The lysis of Gram-negative bacteria by Bdellovibrio might have
also increased the carbon and nitrogen concentration in the cell. Opposite results were
reported with the protozoan grazing of bacteria in MFCs built from marine sediments
where electricity generation and community diversity were reduced [39]. Protozoa were
consuming Geobacter sufurreducens, reducing the electrical output by up to 91%. However,
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protozoa are not as selective as Bdellovibrio and prey on both Gram-negative and Gram-
positive bacteria. Therefore, Bdellovibrio is a more selective predator of specific types of
bacteria such as Gram-negative bacteria, allowing Gram-positive bacteria such as the
Bacillota phylum to occupy different niches in the SMFCs.

Different taxonomical levels of archaea were detected as part of the predominant
electrogenic community in all SMFCs. Most of them were methanogenic bacteria. Methano-
genesis is a form of anaerobic respiration that produces methane as the final product. In
hydrogenotrophic methanogenesis, hydrogen is used for the reduction of carbon diox-
ide to produce methane. However, in acetoclastic methanogenesis, hydrogen is used to
reduce acetate and produce methane. Most of the archaea detected in the SFMCs are
acetoclastic methanogens such as Methanosarcina and Methanobacterium, with only the
genus Methanocella capable of hydrogenotrophic methanogenesis. Because of the anaerobic
conditions detected in SMFCs, organic substances were decomposed by either hydrolysis,
acidification, fermentation, or methanogenesis. Methanogenesis was previously shown
to compete for electrons against electrogenesis in MFCs [21,40—42]. A high frequency of
Methanobacterium spp. was frequently detected in SMFCs fed with cellulose [21]. However,
a higher concentration of archaea in SMFCs may not be beneficial to electrogenesis. Fur-
thermore, the final product of the anaerobic decomposition of organic substrates in soils is
methane, but partial decomposition during fermentation or methane oxidation by methan-
otrophic bacteria produced compounds such as formate and acetate that are used by either
methanogens to produce methane or by electrogenic bacteria from the class Clostridia,
which will oxidize these compounds and transfer the electrons to the anode [21,41,43].
Furthermore, reverse methanogenesis was previously demonstrated with different genera
of archaea such as Methanobacterium, Methanosarcina, and Methanospirillum [43,44]. This
resulted in the production of acetate, which can be used by bacteria of the class Clostridia to
oxidize these compounds for electrogenesis. Anaerobic methanotrophic archaea were culti-
vated in bioelectrical systems with methane-dependent currents related to the enrichment
of Methanoperedens on the anode [45]. Extracellular electron transfer (EET) to an electrode
was demonstrated through the use of multiheme c-type cytochromes. Our results showed
that Methanoperedens was capable of the electrogenic anaerobic oxidation of methane with
or without the collaboration of other electrogenic bacteria such as Geobacter [45].

5. Conclusions

Additional soils from different locations at BCC enriched electrogenic bacteria and ar-
chaea communities in SMFC-B1B and SMFC-B1C, which led to higher electricity generation
and longer operational times compared to previous reports by our laboratory. Bacterial and
archaea communities were predominantly composed of the class Clostridia and different
genera of methanogenic archaea such as Methanobacterium, Methanosarcina, and Methanocella.
However, bacteria from the phylum Pseudomonadota were needed to optimize the per-
formances of the cells in two of the three cells. The addition of cellulose prolonged the
operational times and enhanced the electrical output to levels never previously reported.
Future studies will sample additional soil locations at BCC to ascertain their potential to
develop SMFCs with higher electrogenic potentials and longer operational times.
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