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ABSTRACT: Geobacter spp. are well-known exoelectrogenic
microorganisms that often predominate acetate-fed biofilms in
microbial fuel cells (MFCs) and other bioelectrochemical systems

(BESs). By using an amplicon sequence variance analysis (at one [5|  Biofilm Outer Layer [
nucleotide resolution), we observed a succession between two [ Crovth Removal g
closely related species (98% similarity in 16S RNA), Geobacter [dl'f] = ——p [
sulfurreducens and Geobacter anodireducens, in the long-term studies .

(20 months) of MFC biofilms. Geobacter spp. predominated in the »

near-electrode portion of the biofilm, while the outer layer i

contained an abundance of aerobes, which may have helped to

@ G sulfurreducens @ G.anodireducens Acrobes

consume oxygen but reduced the relative abundance of Geobacter.
Removal of the outer aerobes by norspermidine washing of
biofilms revealed a transition from G. sulfurreducens to G. anodireducens. This succession was also found to occur rapidly in co-
cultures in BES tests even in the absence of oxygen, suggesting that oxygen was not a critical factor. G. sulfurreducens likely
dominated in early biofilms by its relatively larger cell size and production of extracellular polymeric substances (individual
advantages), while G. anodireducens later predominated due to greater cell numbers (quantitative advantage). Our findings revealed
the interspecies competition in the long-term evolution of Geobacter genus, providing microscopic insights into Geobacter’s niche and
competitiveness in complex electroactive microbial consortia.

KEYWORDS: bioelectrochemical systems, Geobacter sulfurreducens, Geobacter anodireducens, biofilm stratification, aerobes,
outer biofilm removal, interspecies succession, growth advantage

B INTRODUCTION presence of alternate electron acceptors and many different
substrates enrich microorganisms with different metabolisms
that include fermentative,'> aerobic,">'* and nitrate respira-
tion.”” Due to the competitive pressure caused by these
variable conditions, Geobacter spp. have ranged from 3 to 88%
in abundance in exoelectrogenic biofilms, although they are
usually the main contributor to EET.'">'°™"® Geobacter spp.
have been found to inhabit the inner biofilms close to the
electrode surface, while microorganisms with other metabo-
lisms grow in the outer layers near the suspensions at variable
conditions.'” '

Both environmental factors and bacterial autogenic charac-

Extracellular electron transfer (EET) enables some micro-
organisms to respire using metal oxides in minerals, promoting
the biogeochemical cycle of chemical elements.' ™ Based on
this special respiration mode, exoelectrogenic biofilms, the core
of microbial fuel cells (MFCs) and other bioelectrochemical
systems (BESs), can be easily obtained by inserting biased
electrodes into anaerobic natural microbial suspensions.”
These devices can be further manipulated by controlling the
electrode potentials to achieve functions such as bioelectricity
generation, biohydrogen prod5uc7tion, desalination, or produc-
tion ofvalue-addgd chemicals. Ip thes? BESs, Geobafter PP teristics determined by heredity will presumably result in the
become predominant based on their efficient EET mediated by . . . .
c-type cytochromes and production of electrically conductive domlnangg_zosf different Geobacter spp. in_ exoelectrogenic

78l 10 biofilms. Specific Geobacter species have different
nanowires.

A total of 19 strains of Geobacter have been isolated from
different environments, and all of them achieve optimal growth
and EET efliciency under highly reducing conditions with
acetate as the preferred substrate.'’ In the case of soil
remediation or actual wastewater treatment, it is difficult to
provide such an ideal microniche for Geobacter based on only
acetate as a substrate and a complete lack of oxygen.'' The
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advantages in biofilm formation®®?” as well as tolerance to

environmental stresses including oxygen,”**® electric field
strength,”* and medium salinity.”” These differences provide
possibilities to drive the predominance of different species of
Geobacter in biofilms. For example, based on the phylogenetic
affiliation, three core OTU clusters affiliated with different
Geobacter species were found to have specific responses to
oxygen variables caused by changes in electrode spacing in air-
cathode MFCs.”> However, it is difficult for conventional
analysis methods to distinguish some closely related species,
such as Geobacter sulfurreducens and Geobacter anodireducens
(98% similarity in 16S rRNA),** both of which are common in
BESs.'82%2%31 Therefore, the evolution of Geobacter species
composition in biofilms may not have been sufficiently
examined over long periods of time.

The objective of this study was to explore the interspecific
relationship of Geobacter spp. that develop over time in the
long-term (20 months) operation of MFC biofilms. To achieve
this goal, an exact amplicon sequence variant (ASV) analysis
(at one nucleotide resolution) was used to distinguish the
relative predominance of even very closely related Geobacter
spp.~*** Through microbial community analysis and electro-
activity detection of the outer biofilms, we monitored the
evolution of Geobacter in MFC biofilms over time and space.
To reduce the influence of aerobes on Geobacter spp., a part of
the outer biofilm mainly composed of aerobes was removed,
for the biofilms to re-evolve. To better understand the
competition between the two Geobacter species that evolved
in the MFC biofilm over time, we conducted co-culture tests in
oxygen-free BESs to examine the changes in the predominance
of these two microorganisms over time.

B MATERIALS AND METHODS

Reactor Configuration. Experiments were conducted
using either air-cathode MFCs inoculated with wastewater or
oxygen-free BESs inoculated with pure cultures. The air-
cathode MFCs (duplicates) were single-chamber reactors (4
cm in length with an inner plexiglass cylindrical chamber of 7
cm in diameter and volume of 154 mL). The anodes, that is,
three carbon fiber brushes (3 cm in diameter and 3 cm in
length) with a titanium core were inserted into the
prefabricated holes with triangular distribution in the plexiglass
partition. Activated carbon air-cathodes (38 cm?) were
fabricated by a rolling-press procedure, as previously
described.*® Customized large BESs (L-BESs, 100 mL in
volume) were used in some tests to detect the electroactivity of
MEC planktonic cells removed from the biofilms. These BESs
contained a graphite rod working electrode, a plain platinum
sheet counter electrode, and an Ag/AgCl reference electrode,
as previously described.**

Single-chambered, three-electrode BESs (15 mL in volume)
constructed with serum bottles were used to examine the
competition of two Geobacter spp. under oxygen-free
conditions. A graphite sheet (1 X 1.5 X 0.3 cm) was used as
the working electrode, and the counter electrode was stainless
steel mesh (1 X 1.5 cm, Type 304N, 60 meshes). All potentials
obtained and reported here were relative to Ag/AgCl reference
electrodes (4 M KCl, 0.197 V vs standard hydrogen electrode).
Pretreatment and installation of electrodes were carried out as
previously described.”

Long-term Operation of MFCs. MFCs were inoculated
with domestic wastewater collected from the wastewater
treatment plant in the Jinnan campus of Nankai University.

The medium used for MFC tests was 1 g/L sodium acetate in a
50 mM phosphate buffer solution (PBS: Na,HPO,, 4.58 g/L;
NaH,PO,, 2.13 g/L; NH,C], 0.31 g/L; KC], 0.13 g/L; trace
minerals, 12.5 mL/L; vitamin solution, S mL/L).** The
medium was refreshed when the cell voltage decreased to <20
mV, forming a cycle that typically had a duration of 2 days.'”
The external resistance was 1000 € during the initial stage of
biofilm acclimation and then it was reduced to 100 & when
reproducible maximum voltages were obtained in two
consecutive cycles. All reactors were operated at 25 + 2 °C
for 20 months. Cathodes were replaced every month with a
new one to avoid a substantial decrease in performance over
time.*>*° Electrochemical as well as chemical tests, including
cyclic voltammetry (CV), maximum power densities, open-
circuit potentials (OCP), chemical oxygen demand (COD),
pH, and dissolved oxygen (DO), were conducted every month
(see detailed methods in the Supporting Information).

Co-cultures of Geobacter Strains in BESs. Co-cultures
of G. sulfurreducens and G. anodireducens were examined in
oxygen-free BESs along with tests using single pure cultures as
controls. G. sulfurreducens PCA (ATCC-51573)°" was
resuscitated from laboratory frozen stocks, and G. anodir-
educens SD-1 was provided by Sun.’® PCA was cultured in
NBAF medium containing 15 mM sodium acetate and 40 mM
fumaric acid.>® SD-1 was grown in a modified acetate-ferric
citrate (FcA) medium consisting of 30 mM carbonate buffer
solution (CBS: NaHCO;, 2.5 g/L; NH,C], 1.5 g/L; NaH,PO,,
0.6 g/L; KCl, 0.1 g/L; mineral solution, 10 mL/L; vitamin
solution, 10 mL/L), 20 mM sodium acetate, and 40 mM ferric
citrate.”” To completely exclude the influence of other electron
acceptors (iron and fumaric acid) in the growth media, both
strains were initially grown on graphite electrodes in BESs
(bias voltage of 0.7 V) to harvest abundant clean cells,*?3%3?
and these cells were then used as the inocula for co-culture
tests.

The collected cells were resuspended in sterile medium and
then repeatedly pipetted to disperse the cells producing the
final inoculum with an optical density at 600 nm (ODgq,) of
0.1. The sample was split into three experimental groups: only
PCA (marked as group PCA), only SD-1 (marked as group
SD-1), and an equal mixture of both strains (marked as group
co-culture). All operations followed anaerobic and aseptic
procedures (see details in the Supporting Information) before
connecting the reactors to a multichannel potentiostat (CHI
1000C, CH Instrument, Shanghai, China) with a potential of 0
V. The medium, containing 1 g/L sodium acetate and 30 mM
CBS, was refreshed when the current was below 0.2 mA,
starting a new cycle. All BESs were cultivated at 30 °C for five
cycles.

Electroactivity Detection and Removal of Outer
Layers of MFC Biofilms. To examine the extent to which
outer biofilms contained exoelectrogens, the planktonic cells
that could be dislodged from the outer layer by slight shaking
were collected as inocula to grow new biofilms in sterile L-
BESs every month. The suspension solution at the end of each
cycle was supplemented with SO mM PBS (1:1, v/v), as well as
1 g/L sodium acetate, and then flushed with a N,/CO, (80/
20, v/v) gas mixture for 30 min to remove DO. Currents were
monitored every 100 s using chronoamperometry by a
multichannel potentiostat (0 V vs Ag/AgCl).

After 11 months, the outer biofilm was removed by
disrupting cohesion through direct contact with norspermidine
(NP, M033008, MREDA, USA) in the medium. NP can
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dissolve extracellular polysaccharides and DNA that contribute
to biofilm adhesion.””*' The optimal concentration of NP,
which can remove the outer layer lacking Geobacter but
preserve the inner Geobacter to the greatest extent, was
determined to be 7 mM by pre-experiments (see the
Supporting Informaion for details). The medium containing
7 mM NP was added to the MFC, then mixed by lightly
shaking the reactor, and then left on the benchtop. After 12 h
of this static exposure, the MFC medium was next replaced
with a fresh NP-free electrolyte, and the exfoliated biofilm was
removed. Following three normal cycles with NP-free
solutions, there was no additional biofilm in the suspension,
indicating that the outer layers of the biofilm had been
removed. The tolerance test of two Geobacter strains to NP was
conducted in modified FcA media (see the Supporting
Information for details).

Microbial Community Analysis. While testing the
electroactivity of the outer biofilm every month, planktonic
cell samples were collected by centrifugation (13,700g, 10
min). Simultaneously, MFC biofilms were also sampled by
cutting carbon fibers with sterile scissors. Genomic DNA was
extracted using the Soil Genomic DNA Kit (CW2091S, Com
Win Biotech Co., Ltd., China), following the procedures of the
manufacturer. The hypervariable V4 region of 16S rRNA was
amplified by PCR with the universal primer set of S1SF (5'-
GTGCCAGCMGCCGCGGTAA-3') and 806R (5'-GGAC-
TACHVGGGTWTCTAAT-3’). All amplicons were subse-
quently sequenced by Illumina MiSeq sequencing platform in
Novogene (Beijing, China).

The demultiplexed Illumina-sequenced dataset without
barcode or adapters was processed by the open-source R
package DADA2,* including filtering, trimming, amplicon
error correction, ASV abundance estimation, and chimera
removal. Each ASV was trimmed to 253 + 3 nucleotides in
length based on the quality score visualization. The resulting
ASYV table was a higher resolution analogue of the OTU table,
which tallied the number of times each exact ASV was
observed in each sample. Taxonomic assignment was
performed against the Ribosomal Database Project (RDP)
16 database using the implementation of the naive Bayesian
classifier method. The abundance of aerobic and anaerobic
microorganisms was predicted based on sequencing data with
the help of the BugBase algorithm tool (https://bugbase.cs.
umn.edu).” The visualization of the results was realized by R
language. All raw sequence data were uploaded to the NCBI
Sequence Read Archive (SRA) with accession number
PRJNA693176.

Growth Status Detection of Geobacter Strains.
Geobacter biofilms cultured for different times in co-culture
tests were completely scraped off by sterile knives and
collected in aseptic centrifuge tubes. These samples were
resuspended in PBS (50 mM) sterilized by 0.22 ym filters to
obtain biofilm suspensions for subsequent biomass analysis. To
obtain a total protein extract, the biofilm suspension was
centrifuged (13,700g, 10 min); then, 0.3 M NaOH was added,
and the centrifugation tube was placed in a water bath at 37 °C
for 30 min.>> A modified cation exchange resin method was
used to extract extracellular polymeric substances (EPS) from
the biofilm suspension in cycle S (see the Supporting
Information for details).** The bicinchoninic acid method
was applied to determine the protein content, following the
instructions of the protein quantification kit (E112-02,
Vazyme, Nanjing, China).'® The polysaccharide content was

measured by the phenol—sulfuric acid method.” The biofilm
suspension was negatively stained with 2% uranyl acetate on a
carbon-coated copper grid and then examined with a
transmission electron microscope (TEM) (HT7700, Hitachi,
Japan) operating at 80 kV to observe the cell size.

Cell numbers in pure Geobacter biofilms were quantified by
combining quantitative PCR (qPCR) with cell counting.”
Two PCR primers were specially designed for the two strains
with DNAMAN software tool (Table S1). Their expected
amplification products were also verified by 1.5% agarose gel
electrophoresis (Figure S2) and sequencing analysis. Genomic
DNA was extracted from the biofilm suspension using the Soil
Genomic DNA Kit. All qPCR tests were conducted in an
authorized real-time PCR system (IQS, Bio-Rad, CA, USA).
Standard curves were constructed based on the threshold cycle
(CT) values for a 10-fold dilution series of DNA extracted
from pure culture. To obtain the initial concentrations of
standard DNA, cells were counted through a cell counting box
combined with confocal laser scanning microscopy (LSM880,
Zeiss, Oberkochen, Germany). The qPCR reaction system and
amplification program can be found in the Supporting
Information. For each qPCR run, melting curves and negative
controls (DNase-free water) were simultaneously conducted.
At least three independent biological replicates and three
technical replicates were used for all experiments.

B RESULTS

Performance of MFC Biofilms in Long-term Growth.
Cell voltages as well as OCP of both the anode and cathode
were monitored over 14 months, showing relatively stable
values (Figure 1A). By replacing the air-cathode monthly,
cathodic performance decay resulting from salt precipitation
and biofouling was minimized,***® as shown by a consistent
cathode OCP of 76 = 14 mV. The anode required 3 months to
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Figure 1. Performance of MFC in 14 months. (A) Maximum power
density, OCP of anode and cathode, change of COD in one cycle
(ACOD), and pH of the electrolyte monitored over 14 months. (B)
Turnover CVs of anodic biofilms from month 2 (M2) to month 10
(M10). (C) Representative changes in cell voltage and DO during
one cycle under an external resistance of 100 Q. Representative time—
current curves of L-BESs inoculated by planktonic cells in MFCs
collected (D) in the initial 4 months and (E) from month $ to 11.
Test-1 and Test-2 are two parallel experimental groups.
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Figure 2. Succession of microbial communities of MFC biofilms over 20 months. (A) Taxonomic classification of bacterial communities at the
genus level (top 10). The relative abundance variation trend of (B) Geobacter and aerobic Arcobacter, (C) anaerobes and aerobes. M1—M20
indicate results from months 1 to 20. The values between two adjacent months are connected by solid lines, while the changes between
nonconsecutive months are represented by dotted lines. The orange arrow indicates the removal of a part of the outer biofilm with 7 mM NP.

reach a stable maximum current of 48 + 0.3 A/m® in CV tests
(Figure 1B). The anode OCP was steady over the next 11
months (until month 14) at —457 &+ 16 mV (Figure 1A). The
MECs had a stabile maximum power density based on the
polarization data of 34 + 0.9 W/m?, with a COD removal of
740 + 51 mg/L (90 + 3.0%), and a final pH of 6.9 + 0.1.

DO was present in the medium, and oxygen can also leak
into the electrolyte through the porous cathode."” The
medium added to the MFC initially contained DO of 8.5
mg/L, which was rapidly depleted to ~0 mg/L after 1.2 h
(Figure 2C), consistent with its rapid removal noted in
previous studies.'®'® At the end of each cycle, most of the
substrate was depleted, which was reflected by the drop in the
voltage value, and the DO slightly increased in solution to a
concentration of ~0.7 mg/L.

The electroactivity of the outer layer of the biofilms
appeared to change over time, as demonstrated through the
changes in the starting current of L-BESs inoculated by
planktonic cells collected over time (Figure 1D,E). In the
initial 4 months, exoelectrogens were present in the planktonic
cells, as demonstrated by a rapid colonization on graphite rods
when the solution was transferred to new devices (L-BESs)
(Figure 1D). The maximum current density with these
transferred solutions averaged 103 + 2 A/m® after 65 h.
However, transfers of the solutions from the MFC in
subsequent months (5—11) failed to produce current in L-
BESs (Figure 1E). This loss of electroactivity suggested a
relative absence of exoelectrogens in the outer layers as the
biofilm thickened (Figure S3A,B).

Abundance and Distribution of Geobacter in Long-
term Growing Biofilms. Like most biofilms in BES-fed
acetate,*®"” Geobacter was found to be the dominant
exoelectrogenic genus in our systems. Although its abundance
in month 1 (25%) was lower than that of aerobic Arcobacter
(31%),* Geobacter exhibited an upward trend in the next 2
months (2—3), as shown by an average value of 47 + 4.0%,
which was much higher than that of Arocobacter (1.7 + 0.33%),
Comamonas (2.6 + 2.4%), and other genera (Figure 2A). The
increasing proportion of Geobacter in the biofilms also
corresponded to an increase of the maximum current densities
obtained in CV tests (Figure 1B). In month 2—3, Geobacter
were 7.0% of the planktonic communities and enriched to 73%
of the genera identified in the biofilms of transferred reactors
(L-BES biofilm), dominating rapid subcultivation in L-BES
reactors (Figure S4).

After increasing in numbers for 3 months, the abundance of
Geobacter began to decline over time, with an increase of the
aerobic microorganism with Arcobacter as the representative
genus in the biofilms from cutting and sampling fibers (Figure
2B,C). Aerobes accounted for 54% of the identified genera in
month S and began to surpass anaerobes (31%). By month 11,
there was only 1.2% of Geobacter in the biofilm, much less than
Arcobacter (82%). Although the biofilm was constantly
evolving, the stable maximum current density was observed
in CVs from month 3 (Figure 1B). The first-order derivative of
CV current also showed the same symmetric main peak that
appeared at —0.42 = 0.02 V (Figure SS), which was close to
the midpoint potentials of the outer membrane cytochromes
secreted by Geobacter," implying that the dominant EET
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genera was always Geobacter. While the outer biofilm lacked
sufficient Geobacter to produce rapid current generation in L-
BESs in month 5, Geobacter still accounted for 22% of the
whole biofilm, similar to that in month 1 (25%) (Figure 2A).
These results showing Geobacter consistently present in the
biofilm but not the suspension solution indicated an uneven
distribution of Geobacter in the biofilm and suggested an
increase of other types of microorganisms in the outer biofilm
over time rather than an absolute decrease in the numbers of
total Geobacter.'® Therefore, it was concluded that Geobacter
mainly existed in the near-electrode inner layer to achieve
efficient EET,”® while the outer layer was dominated by
aerobes using oxygen in the fresh medium and leaking through
the cathode.

The ASV analysis at the species level revealed that Geobacter
spp. in MFC biofilms were mainly composed of G.
sulfurreducens and G. anodireducens and that these two species
showed a dynamic evolution over time (Figure 3). In the first S

60F | NP flushing
G. anodireducens

45} ® G. sulfurreducens

30F
M,

15F

PP LFL LIPS

ol®

Relative abundance (%)

Figure 3. Relative abundance variation trend of G. sulfurreducens and
G. anodireducens in MFC biofilms based on ASV analysis. M1-M20
indicate results from months 1 to 20. The values between two
adjacent months are connected by solid lines, while the changes
between nonconsecutive months are represented by dotted lines. The
orange arrow indicates the removal of a part of the outer biofilm with
7 mM NP.

months, G. sulfurreducens accounted for 75 + 17% of Geobacter
genus and generally followed a trend consistent with total
Geobacter in the biofilm (Figures 2B and 3). The abundance of
G. sulfurreducens in the total species identified in the biofilm
reached the peak (43%) in month 3 but declined rapidly in
subsequent months (4—6) due to the increase in the total
number of bacteria, especially aerobes (Figures 2B and 3). G.
anodireducens was also found in month 4—6, with a relatively
stable content of 2.8 + 0.33% in the total species of biofilms,
but this proportion also dropped to only 0.57% in month 11.

Removal of Outer Biofilms Increased the Relative
Abundance of Geobacter spp. To reduce the influence of
aerobes on the relative content of Geobacter spp., a part of the
outer biofilm was removed using NP (7 mM) treatment at the
end of month 11 (Figure S3B,C). After that, the OCP of the
anode remained stable (Figure 1A), but the biofilm
composition changed. The dominant Arcobacter abundance
decreased from 82% in month 11 to 19% in month 12,
although the overall percentage of aerobes decreased by only
14% due to the increase of other genera, especially Comamonas
(Figure 2).>”°" Geobacter occupied 9.7% of biofilms in month
12, nearly 8 times higher than that in month 11. The
abundance of Geobacter also increased in the planktonic
community (Figure S4), and thus the subcultivation of
planktonic cells in new reactors (L-BES) again showed rapid

current generation (Figure S6). These results indicated that
the NP treatment achieved the expected goal of increasing the
relative abundance of Geobacter by stripping off the outer
biofilm that contained primarily aerobes.

The content of Geobacter in the biofilms progressively
increased in the subsequent months (12—20), reaching 45% in
month 20, which was close to the peak in month 3 (50%)
(Figure 2B). However, the dominant species was transformed
to G. anodireducens with an abundance of 47 + 5% of all
Geobacter in this period, while G. sulfurreducens was nearly
undetectable (Figures 2B and 3). This succession of the two
Geobacter spp. was not a result of NP’s specific selectivity
because their tolerance to NP was equivalent (Figure S7). Also,
the relative predominance of these two species had already
reversed in month 6, as the percentage of G. anodireducens
(3.1%) surpassed G. sulfurreducens (0.43%) (Figure 3). By
month 11, G. anodireducens was 46% of the total Geobacter,
although G. anodireducens only accounted for 0.57% of the
entire biofilm with an overall low abundance of Geobacter of
1.2% (Figures 2B and 3). With the increase in Geobacter
abundance resulting from the removal of the outer layer, the
percentage of G. anodireducens increased to 4.1% in month 12,
furthering the transition from G. sulfurreducens to G.
anodireducens.

Growth of G. sulfurreducens and G. anodireducens as
Pure Cultures. To further examine the factors that impact
competition between G. sulfurreducens PCA and G. anodir-
educens SD-1, pure culture experiments were carried out in
oxygen-free reactors (L-BESs) to explore their growth on the
electrode applied with a potential set at 0 V (vs Ag/AgCl). In
the first cycle, the similar maximum current density growth rate
(0.12 + 0.02 A/m*/h) was achieved significantly (p < 0.001, n
= 3) faster for strain PCA (37.2 & 0.7 h) compared to SD-1
(64.0 + 3.2 h), but the maximum current densities were similar
(~3 A/m?) (Figures S8 and 4A). After this first cycle, the
greater highest current densities in every cycle were always
obtained by strain SD-1, which was likely due to a significantly
(p < 0.05, n = 3) higher protein content of SD-1 on the
electrode (Figure 4B,C). Many studies have shown that
current initially had a positive linear correlation with protein
biomass but then eventually reached a stable plateau due to the
limitations of pH gradients and metabolic heterogeneity in
thick biofilms.””>* With a high protein biomass, SD-1 began to
obtain a reproducible highest current density of 5.2 + 0.2 A/
m® from cycle 3, while PCA was still in its rising stage of
current generation until cycle S (Figure 4B).

SD-1 was always present in significantly (p < 0.01, n = 3)
greater cell numbers than PCA (Figure 4D). Normalizing the
protein content by cell numbers in each cycle, PCA (8.77 +
1.96 X 1077 ug per cell) was 2.6 times more abundant than
SD-1 (3.41 + 0.31 X 1077 ug per cell) based on single cell
protein yields (Figure 4C,D). However, the number of PCA
cells (0.85 + 0.20 X 10" cells/m?*) was only ~1/3 of SD-1
(2.59 + 0.40 X 10*? cells/m?) in the first cycle, so that the total
protein content had comparable values (PCA, 0.90 + 0.04 g/
m?* and SD-1, 0.95 + 0.16 g/m?) and thus produced similar
high current densities (3.0 + 0.2 A/m?) (Figure 4B—D). After
that, SD-1 cell numbers increased at an average rate of 3.11 X
10" cells/m* per cycle, which was 3.2 times larger than PCA
(0.98 x 10" cells/m* per cycle), higher than their ratio of
protein biomass of a single cell (2.6) (Figure S9). This
difference led to the SD-1 biomass based on protein to increase
at the rate of 1.5 times (0.88 g/m?*) over PCA (0.60 g/m*)
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Figure 4. Performance and growth status of biofilms formed by G. sulfurreducens PCA and G. anodireducens SD-1 in pure culture or co-culture. (A)
Time—current curves in the first cycle. (B) Maximum current density, (C) total protein density, (D) growth rate of total protein, and (E) cell
number density quantified using qPCR in cycles 1—5. (F) Extracellular protein and (G) exopolysaccharides in extracted EPS were averaged per cell.
All biofilms were cultured at a potential of 0 V (vs Ag/AgCl). C1—CS represented the results at the end of cycles 1—5. Data presented are the mean
+ SD (n = 3 or 4), and error bars represent standard deviations. Statistical significance (**p > 0.0S, *p < 0.0S, **p < 0.01) was assayed using

unpaired ¢ test via SPSS 26.

(Figure 4E). Taken together, SD-1 relied on the advantage of
cell numbers to produce more biomass and higher current.
Although both strains were short rods, their cell sizes were
different (Figure S10), consistent with previous reports.”>’”
Calculating cell volumes based on cylinders, PCA (0.17 um?,
1.37 um length, 0.39 ym diameter, n = 13) was 1.8 times larger
than SD-1 (0.09 pm® 1.62 um length, 0.27 ym diameter, n =
14). The larger cell size of PCA, therefore, contributed more
intracellular protein, and the extracellular protein per cell (0.98
+ 0.08 X 1077 ug) was also significantly (p < 0.01, n = 4)
higher than that of SD-1 (0.19 + 0.03 X 10~7 ug, Figure 4F).
Furthermore, exopolysaccharide produced by a single cell of
PCA (1.54 + 0.10 X 1077 pug) was 4.4 times higher than that
by SD-1 (0.35 + 0.04 X 1077 pug), which could enhance cell
adhesion at the early stage of biofilm formation (Figure 4G).”?
Competition between G. sulfurreducens and G.
anodireducens in Co-cultures. The competition between
PCA and SD-1 was examined using co-cultures based on their
relative abundances (Figure SA). Due to the difference in the
cell size, cell numbers at the same ODy,, were not consistent,”
and thus PCA was inoculated on the basis of cell numbers at a
lower percentage (39 + $%) than SD-1. Nevertheless, the co-
culture biofilm still showed a starting current curve very close
to that of the group PCA (Figure 4A), suggesting that PCA
was a more effective contributor in early biofilm formation.
This speculation was further supported by the abundance
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change of PCA in cycle 1, as shown by an average increase by
10% to 49 + 7% (Figure SA). In the subsequent two cycles,
SD-1 showed the same quantitative advantages in cell number
as seen in the pure culture results (Figure SB). At the end of
cycle 3, the cell number of SD-1 was already 6.3 times that of
cycle 1, while the factor for PCA was only 1.3. Therefore, the
proportion of SD-1 reached 83 + 4%, which was constant until
cycle 5 (Figure SA).

B DISCUSSION

The genera Geobacter is known to dominate acetate-fed
biofilms in BESs, but the results of our studies showed that
there can be competition between strains, which may not have
been previously evident based on the commonly used qPCR
techniques due to their 98% similarity in 16S rRNA.*
However, G. sulfurreducens is usually found to predominate
among even different Geobacter species in exoelectrogenic
biofilms.'**>*" G. anodireducens has also been found to be
abundant in fed-batch laboratory BESs when care is taken to
differentiate these two species.””** Here, with the help of exact
ASV analysis, the succession from G. sulfurreducens to G.
anodireducens was observed in long-term cultured biofilms. The
co-culture tests conducted in oxygen-free BES systems
produced similar results to trends with naturally formed
MFC biofilms (Figures 3 and SA), indicating that G.
anodireducens will become more predominant than G.
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sulfurreducens over time. This general finding suggests that
intermittent oxygen exposure was not a critical cause of
interspecific succession, as the transition from G. sulfurreducens
to G. anodireducens was already underway before the outer
biofilm containing predominantly aerobes was removed.

Pure and co-cultures of these two microorganisms in the
BESs demonstrated more clearly, and over a shorter period, the
relative attributes of G. sulfurreducens and G. anodireducens in
the biofilm formation and development over time. When these
two species coexist, a competitive model resulting from the
difference in growth strategies can be proposed (Figure SC).
G. sulfurreducens tends to grow larger cells and secrete more
EPS to quickly attach electrodes from the suspension
(individual advantage) and thus to dominate early biofilms.
However, the production of EPS may have a growth cost,
inhibiting the rate of cell proliferation.’® In contrast, the
smaller G. anodireducens with less EPS has a greater rate of
growth based on cell number. This growth mechanism gives G.
anodireducens a quantitative advantage similar to that of a
demographic dividend, eventually occupying the predominant
niche in the stable biofilms. Indeed, G. sulfurreducens and G.
anodireducens constructed a near-steady-state microflora with a
ratio of 17:83 (~1:5) after cycle 3 (Figure SA). The minor
member G. sulfurreducens may not only provide scaffold-like
structural support but also may accelerate the EET of G.
anodireducens by secreting shared extracellular redox sub-
stances.'">>* This steady-state structure of the co-cultured
biofilm may be the optimal situation for the interactions
between G. sulfurreducens and G. anodireducens, resulting in a
significantly (p < 0.05) higher current density than either of
the pure strains alone (Figure 4B). In addition to the
cooperation in EET, these two Geobacter species could also
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use their respective growth advantages to complement each
other, thereby maintaining the long-term functional stability of
the biofilm. For example, when the relative abundance of G.
sulfurreducens with individual advantages decreased due to the
expansion of aerobes, G. anodireducens with the same efficient
EET ability may rely on quantitative advantages to ensure the
dominant niche of Geobacter. In the face of the competitive
pressures caused by variable conditions, the cooperation
among these functionally redundant exoelectrogens with
different advantages may be a feasible strategy to realize the
functional stability of BESs.>

The MFC biofilms, compared to the co-culture biofilms,
needed much longer times for a succession to occur from G.
sulfurreducens to G. anodireducens. The growth of these two
species in MFC biofilms can be limited by their low content in
the inoculum (wastewater)*® and the insufficient electric field
caused by the relatively low current density in MFCs.**
Aerobes grown under intermittent oxygen may also compete
for the substrate with both Geobacter species.'” As the
theoretical energy gain from the anaerobic respiration is
lower than aerobic growth,”” aerobic microorganisms usually
have much higher cell yields than anaerobes,”® which enable
them to develop thicker biofilms than anaerobes. For example,
Pseudomonas denitrzpcans could convert 45% of glutamate
carbon into biomass when grown with oxygen, while the
acetate assimilation rate of G. sulfurreducens was only 3.6—20%
in the process of reducing iron.”®”*" Thus, these fast-growing
outer aerobes resulted in a rapid decline in the relative
abundance of Geobacter dominated by G. sulfurreducens
(Figures 2A and 3). In this period, as a minority member of
Geobacter, the growth advantage of G. anodireducens was not
fully reflected because of the lack of sufficient cell base
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compared to aerobes, and thus its succession relative to that of
G. sulfurreducens progressed slowly in the inner biofilm. When
the outer aerobes were partly removed by NP, G.
anodireducens, which can better succeed by virtue of its
quantitative advantage in biofilm mass, also increased the
competitiveness of the entire Geobacter genus in long-term
operation. From the engineering perspective, the periodic
removal of the outer fouling-like layer of biofilms is helpful to
keep Geobacter dominant in the microbial community and has
the additional benefit to select another highly electroactive
strain G. anodireducens by providing a larger ecological space
for the interspecific competition.

Geobacter are increasingly recognized important in the
biogeochemical cycling of metals (especially iron and
manganese) coupled with nutrient elements.”’ With the help
of a well-developed exoelectrogenic and conductive network,
different Geobacter spp. can build a syntrophic relationship to
achieve efficient cell-to-cell electron exchange.éz’63 Also, the
ecological value of interspecific competition revealed herein
may be to form an efficient and competitive Geobacter species
group to survive in the complex microbial consortia. The
transition from G. sulfurreducens to G. anodireducens in
exoelectrogenic biofilms for 20 months highlighted the
importance of the interspecific competition of Geobacter,
which showed the necessity of exploring microbial interactions
related to Geobacter at the species level in a complex
electroactive microbial community. Furthermore, it may be a
teasible strategy to make full use of the competitive advantages
of different species to improve the competitiveness of
Geobacter in anaerobic underground environments.
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