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ABSTRACT Nitrogen gas (N,) fixation in the anode-respiring bacterium Geobacter sul-
furreducens occurs through complex, multistep processes. Optimizing ammonium (NH,™)
production from this bacterium in microbial electrochemical technologies (METs) requires
an understanding of how those processes are regulated in response to electrical driving
forces. In this study, we quantified gene expression levels (via RNA sequencing) of G. sul-
furreducens growing on anodes fixed at two different potentials (—0.15 V and +0.15 V
versus standard hydrogen electrode). The anode potential had a significant impact on
the expression levels of N, fixation genes. At —0.15 V, the expression of nitrogenase
genes, such as nifH, nifD, and nifK, significantly increased relative to that at +0.15 V, as
well as genes associated with NH,* uptake and transformation, such as glutamine and
glutamate synthetases. Metabolite analysis confirmed that both of these organic com-
pounds were present in significantly higher intracellular concentrations at —0.15 V. N,
fixation rates (estimated using the acetylene reduction assay and normalized to total
protein) were significantly larger at —0.15 V. Genes expressing flavin-based electron
bifurcation complexes, such as electron-transferring flavoproteins (EtfAB) and the NADH-
dependent ferredoxin:NADP reductase (NfnAB), were also significantly upregulated at
—0.15 V, suggesting that these mechanisms may be involved in N, fixation at that
potential. Our results show that in energy-constrained situations (i.e,, low anode poten-
tial), the cells increase per-cell respiration and N, fixation rates. We hypothesize that at
—0.15 V, they increase N, fixation activity to help maintain redox homeostasis, and they
leverage electron bifurcation as a strategy to optimize energy generation and use.

IMPORTANCE Biological nitrogen fixation coupled with ammonium recovery provides
a sustainable alternative to the carbon-, water-, and energy-intensive Haber-Bosch pro-
cess. Aerobic biological nitrogen fixation technologies are hindered by oxygen gas in-
hibition of the nitrogenase enzyme. Electrically driving biological nitrogen fixation in
anaerobic microbial electrochemical technologies overcomes this challenge. Using
Geobacter sulfurreducens as a model exoelectrogenic diazotroph, we show that the an-
ode potential in microbial electrochemical technologies has a significant impact on
nitrogen gas fixation rates, ammonium assimilation pathways, and expression of genes
associated with nitrogen gas fixation. These findings have important implications for
understanding regulatory pathways of nitrogen gas fixation and will help identify tar-
get genes and operational strategies to enhance ammonium production in microbial R SR et Seeia iy
electrochemical technologies. Microbiology. All Rights Reserved.
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deprotonated form of NH,*) used in commercial products such as fertilizers, pharma-
ceuticals, explosives, and cleaning products is produced through the Haber-Bosch pro-
cess (1). Requiring high temperatures (350 to 550°C) and pressures (150 to 300 atm) (2),
this process is responsible for 1.5 to 2.5% of global energy use and 1.6% of CO, emis-
sions (3-5). Diazotrophs, such as Azotobacter vinelandii, fix N, gas under atmospheric
conditions, circumventing the need for energy-demanding conditions (6). They have
received considerable attention for in situ NH,* production in soils (7) and as biocatalysts
in biotechnologies (8).

Inhibition of the nitrogenase enzyme by O, gas, a major limitation of BNF technolo-
gies, can be avoided by using anaerobic microbial electrochemical technologies (METs).
For most aerobes, higher O, concentrations lead to higher biomass production and res-
piration rates. In aerobic diazotrophs, the opposite occurs. Higher O, concentrations
decrease biomass production, and O, respiration rates plateau or decrease because O,
inhibits nitrogenase activity (9, 10). In METs, this problem is avoided, because the anode
chamber, where the microorganisms respire, is anaerobic (11). Respiration rates can be
elevated by increasing the applied voltage (12). For example, in a single-chamber micro-
bial electrolysis cell (MEC), Ortiz-Medina et al. (13) observed almost 3-fold higher N, fixa-
tion and NH,* production rates of a mixed consortium when the applied voltage was
increased from 0.7 Vto 1.0 V.

To better understand and develop NH,"-generating METs, fundamental insight into
how electrochemical variables impact N, fixation is needed. For these goals, bacteria
from the family Geobacteraceae provide ideal models (14). Many members possess N, fix-
ation genes and/or have been reported to fix N, (15), and some can generate very high
electrical current densities in METs (16). They are also naturally abundant in mixed-
culture METs operated under N, fixation conditions and have demonstrated N, fixation
capabilities as single cultures in METs (17). Within the Geobacteraceae, Geobacter sulfurre-
ducens PCA is a well-studied diazotroph with a fully sequenced genome (15, 18). The N,
fixation pathway in G. sulfurreducens is similar to that in other diazotrophs, but it also has
unique aspects, including control of N, fixation and NH," assimilation genes by two
two-component His-Asp phosphorelay systems instead of one (19).

One of the most important electrochemical parameters that influences metabolic ac-
tivity in METs is the anode potential. The anode serves as a terminal electron acceptor.
Its potential can be controlled by an external voltage applied with a power supply or
potentiostat, leading to different respiration rates and electron transfer mechanisms and
pathways (20, 21). For example, the CbcL-dependent pathway has been reported to be
essential for electron transfer and is the primary mechanism in Geobacter-enriched ano-
des at potentials below —0.10 V versus standard hydrogen electrode (SHE) (22).
However, at more positive potentials, the ImcH-dependent pathway is also activated to
harvest additional energy provided by the higher potential (23). This flexibility allows the
biocatalytic activity of G. sulfurreducens to be responsive to the anode potential. Biomass
and current generation increase as the anode potential increases from negative toward
more positive values due to higher electron transfer rates; however, above ~0 V versus
SHE, additional available energy is not harvested into metabolic energy (24, 25). In con-
trast, more negative potentials result in accumulation of reduced electron carriers, such
as NAD(P)H, that may limit electron transfer rates and compromise redox homeostasis
(26, 27). As a result, the cells must find other electron-accepting processes to regenerate
electron carriers.

Energy harvesting in response to the anode potential is likely tied to N, fixation
because a large amount of energy (16 to 18 mol ATP/mol NH,*) and strongly reduced
electron donors such as ferredoxins and/or flavodoxins are required to produce NH,*. Jing
et al. (17) found that under N, fixation conditions, biomass production decreased and per
cell respiration rates increased, suggesting that the cells increased energy-harvesting in
response to the increased energy demand of N, fixation. Regulatory overlap across N, fixa-
tion genes and energy and electron transfer-associated genes may also occur in G. sulfurre-
ducens (e.g.,, RpoN involvement in the control of N, fixation, NH,* assimilation, pilus
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FIG 1 Current density (/,) profiles of the MECs at (A) a fixed anode potential (E,,) of +0.15 V versus
SHE and (B) an E,y of —0.15 V versus SHE, both without NH," added. Vertical arrows show refeedings.
The stars show when RNA was extracted. A single representative curve from triplicates is shown. All
replicate curves are available in the supplemental material.

biosynthesis, energy metabolism, and redox homeostasis genes) (28-30). Understanding
the genetic and physiological response of G. sulfurreducens to nitrogen availability and an-
ode potential is essential for informing genetic and operational strategies that can be
leveraged to yield NH,* in METSs.

The overarching objective of this study was to determine if N, fixation activity and
gene regulation change in response to the anode potential. We hypothesized that at
more positive anode potentials, N, fixation activity would increase because of greater
energy availability and current production. To test our hypothesis, we operated MECs
with anodes fixed at —0.15 V or +0.15 V. After multiple fed-batch cycles, we extracted
and sequenced RNA from the anode biofilms. We also conducted assays to determine
N, fixation rates and the concentrations of intracellular and extracellular fixed nitrogen
products (NH,*, glutamine, and glutamate). Our results show that the anode potential
has a significant impact on N, fixation activity and the regulation of N, fixation path-
ways. Contrary to our hypothesis, we found that N, fixation activity increased at —0.15
V, likely due to the cells using the N, fixation pathway to maintain redox homeostasis.

RESULTS AND DISCUSSION

Current density profiles of the MECs. After inoculation of the MECs, all reactors
displayed similar current density (/) trends (Fig. 1). Bacterial colonization of the anode
was reflected in a steady increase in I, (defined as the startup or enrichment phase)
due to extracellular electron transfer and consumption of the electron donor (i.e., ace-
tate) until a maximum /, was reached. Although maximum I, was slightly higher at
+0.15 V, the difference was not found to be significant (P > 0.05, t test) due to the
higher variability of I, and startup time (defined as the time at which each reactor
achieved an /, of >0.1 A/m?) during the first batch (Table S1). Replenishment of growth
medium led to a slow decrease in I, compared to the previous cycle. For the second
and third cycles, I, decreased by around 25% and 10% at +0.15 V and —0.15 V, respec-
tively, from the maxima obtained in the previous cycle (Fig. 1A and B). Possible reasons
for these decreases include the brief exposure to atmospheric oxygen during medium
replacement, as the reactors were moved to an aerobic biological safety cabinet to
avoid contamination, and the high acetate concentration (2 g/L or 24 mM) utilized in
these experiments. Operating the MECs under an atmosphere of 100% N, (to maximize
nitrogen availability) instead of the typical gas composition of N,-CO, (80%/20%) (31)
may also have impacted bacterial growth and current output, especially if additional
CO, is needed to support better growth of G. sulfurreducens. Utilizing the latter atmos-
phere and a bicarbonate-based buffer may provide optimal growth conditions in
future experiments. Despite cycle-to-cycle variations, when we extracted RNA, the rep-
licates for each treatment exhibited very low variability in /,, which was important for
obtaining reproducible gene expression profiles (Table S1). Given the maturity of the
biofilm that occurs after several days of operation, it is likely that some cells within the
biofilm were inactive, as anode biofilms can exhibit activity and gene expression
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stratification depending on the growth stage and thickness (32). Harvesting RNA from
G. sulfurreducens under exponential-growth conditions (i.e., during biofilm formation at
the first cycle) or from sectioned biofilms (33) may help to gain a finer resolution in the
gene expression profiles.

When NH,™ was present, /, values were much lower than when N, was the sole
nitrogen source (Fig. S1). For example, in reactors operating at +0.15 V with either 5 or
10 mM NH,*, maximum /, was 43% lower than that in the treatment at the same an-
ode potential (E,y) without NH,* (Table S1). While this decrease in current may be
associated with microbial stress, a concentration of 5 mM NH,™ is frequently used in
growth media for MEC studies involving Geobacter species (12), and the higher concen-
tration was below values (>15 mM NH,") that are reported to cause a significant
decrease in current and biomass production in MECs (34). Our results showing that
larger current densities occur when no fixed nitrogen is present are consistent with
prior studies and suggest that there may be a physiological link between anode respi-
ration and N, fixation (35).

Gene expression profiles. (i) Transcriptome data summary. Gene expression pro-
files of G. sulfurreducens under N, fixation conditions (no NH,™ added) were compared
across MECs operating at the two anode potentials. The transcriptome of reactors oper-
ating at +0.15 V was the reference. From the approximately 3,430 genes that were
identified during analysis, a total of 290 genes were differentially expressed in reactors
operated at —0.15 V (Table S2). We defined differential expression as a log, fold change
(log,FC) of >2.00 and a P value of <0.05 based on previous studies that aimed to mini-
mize false discovery rates (FDR) and biologically nonsignificant genes (36-38). Based on
this definition, differentially expressed genes are those that are most responsive to the
change in anode potential, while non-differentially expressed genes are, in the majority,
constitutively expressed genes and/or are unaffected by anode potential. We grouped
differentially expressed genes by metabolic function (e.g., N, fixation, electron transfer
activity, etc.) based on gene ontology and assigned annotations for G. sulfurreducens
PCA from the Gene Ontology (GO) and Ensembl databases (39, 40). Additionally, a total
of 1,133 genes had a significant difference in expression with respect to the reference
treatment (P < 0.05), but the change did not reach the log,-fold threshold, which is
shown in the respective volcano plots as expression distributions (Fig. S2). Many of
those genes displayed high normalized gene counts (expressed in reads per kilobase
per million mapped reads [RPKM]) and a log,FC of >1.00, which implies that they pos-
sessed high levels of expression under a specific treatment despite the original thresh-
old not being reached. We included those genes in the discussion below to better
describe the impact of our treatments on N, fixation. A list of all identified genes with a
[log,FC| of >1.00 and a P value of <0.05 is provided in Table S3.

(ii) N, fixation and NH,* assimilation. The expression of several genes related to N,
fixation increased when the MECs were operated at —0.15 V with no added NH,™ (Fig.
2). Although only two genes that are critical to N, fixation (nifEN and nifV; involved in
nitrogenase assembly) were upregulated by more than 2 log,-fold (2.11 and 2.07, respec-
tively), other genes showed a high number of counts at the negative potential and a
log,FC of >1.00, including genes encoding the nitrogenase enzyme (nifD, nifH, and nifK,
log,FC = 1.53, 1.98, and 1.93) in model Geobacter species (15, 18). Genes such as gnfK
and gnfR, which help regulate and express genes for N, fixation when fixed nitrogen is
low (19), were upregulated at —0.15 V (log,FC = 3.38 and 3.05), suggesting that N, fixa-
tion activity increased at that potential. Although it was moderately expressed, gene
counts of amtB were also higher at —0.15 V (log,FC = 1.02). This gene encodes an NH, "
transporter that is expressed when low concentrations of NH,* are present to help the
cell scavenge it from the environment (41). Gene counts for the molybdenum (Mo) trans-
port system genes at —0.15 V were also higher (Fig. S3). Geobacter spp. increase expres-
sion of this system under N, fixing conditions to acquire Mo from the environment (42)
because it is an essential component of the Mo-dependent nitrogenase (19). Other regu-
latory genes involved in N, fixation did not display a significant difference (P > 0.05)
with respect to E,y, such as draG and draT (log,FC = —0.77 and 0.97), which are
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FIG 2 Normalized gene counts of N, fixation-associated genes in the MECs operating at E,, of —0.15
V compared to an E,, of +0.15 V as a reference. No NH,* was added for both conditions. Red font
shows genes that were considered upregulated at an E,, of —0.15 V (ie, log,FC > 2.00 and
P < 0.05). Adjacent genes are grouped based on their location within the genome of G.
sulfurreducens and are separated by dashed lines. Genes from glnA to gdhA are included because
they are involved in NH,* assimilation after N, fixation. Gene counts are expressed in reads per
kilobase per million (RPKM). Error bars show the standard deviations for triplicates.

responsible for biochemically modulating nitrogenase reductase activity at a posttransla-
tional level in response to high fixed nitrogen concentrations in other diazotrophs (43,
44). It is known that in other nitrogen-fixing bacteria, draT and draG expression are con-
stitutive (45), which is consistent with our observed results. Though these regulatory
genes are adjacent in the genome of G. sulfurreducens to other N, fixation genes which
were differentially expressed (such as nifEN), there is little information on their function
and importance in regulating N, fixation in this organism.

The NH,™ assimilation-relevant genes glnA, ginB, and gltS had high count numbers
and were upregulated (log,FC = 2.33, 3.28, and 2.38, respectively) at —0.15 V (Fig. 2). The
gene glnA, which encodes glutamine synthetase, enables the reaction of NH,* (either
generated through N, fixation or present in the medium) with the amino acid glutamate
(one amino group) to form glutamine (two amino groups). The gene g/nB, present in the
same operon as glnA, is a PIl nitrogen-regulatory protein that is expressed under N,-fix-
ing conditions (19). The gene gltS encodes an electron carrier-dependent glutamate syn-
thase that utilizes glutamine as a substrate to regenerate glutamate (via removal of an
amino group), effectively acting as an NH,* assimilation and transport mechanism as
well as an additional nitrogen-sensing system (46, 47). GSU1235 and GSU1239, which
also showed high count numbers but moderate change (log,FC = 1.55 and 1.23), are
also annotated as glutamate synthases (48). Glutamate is sometimes produced by bacte-
ria when osmotic regulation is required in response to a change in solute concentration
in the cell's environment (49), as well as when pH decreases (50). If nitrogenase activity is
greater at —0.15 V, then higher intracellular NH,* concentrations may develop (50). A
counterion such as glutamate may be needed to balance intracellular charge and pro-
vide a reactant to convert NH,* to glutamine to avoid osmotic stress (51). Additionally,
the production of glutamate and glutamine have been linked to oxidation of electron
carriers in other microorganisms, such as Rhodospirillum rubrum, when a terminal elec-
tron acceptor is limiting (52).

To better understand the relationship between electrode potential and nitrogen fix-
ation, the acetylene reduction assay (ARA) was performed. MECs were assayed after
the current stabilized and reached a steady state (~4.5 A/m2 at —0.15 V and ~6 A/m?
at +0.15 V). MECs at both potentials produced ethylene, confirming that the nitroge-
nase enzyme in G. sulfurreducens was active (Fig. 3A). We normalized the total ethylene
production to total anode protein to better compare the two potentials. Fixation at
—0.15 V was 246% higher [160 = 40.5 nmol C,H,/(min-mg protein)] compared to
+0.15V [65 * 14.5 nmol C,H,/(min-mg protein)] (P < 0.05, t test). This higher normal-
ized fixation rate is consistent with the upregulation of N, fixation-associated genes at
—0.15 V discussed above. Although the experiments were performed on mature
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FIG 3 (A) Ethylene generation rates normalized to total biofilm protein in the MECs with anodes
fixed at —0.15 V and +0.15 V. Normalized (B) intracellular and (C) extracellular glutamate and
glutamine concentrations. The dotted line represents the detection limit of the method. Error bars
show the standard deviations for three biological replicates. Asterisks represent the statistical
difference (t test) between treatments (¥, P < 0.05; **, P < 0.01; N.S., not significant [P > 0.05]).

biofilms that may be stratified in activity, our results indicate that the biofilms as a
whole had greater N, fixation activity at —0.15 V. It is known that other diazotrophs,
such as R. rubrum and Rhodopseudomonas palustris, regenerate electron carriers [e.g.,
NAD(P)H] under terminal electron acceptor limitations using energy-demanding path-
ways, among them N, fixation, to produce biomass and hydrogen (H,) (53, 54). It is
likely that the observed N, fixation activity at —0.15 V is required to maintain redox
homeostasis, given that higher NAD(P)H concentrations have been found in G. sulfurre-
ducens growing at negative potentials (26). Additionally, it has been reported that at
anode potentials above 0V, such as +0.15 V, lower biomass yields per electron trans-
ferred are obtained, likely due to faster removal of electrons from the quinone pool
and/or inefficient transfer of electrons to the electrode (25, 55), supporting the notion
that —0.15 V offers more efficient conditions for electron transfer and N, fixation. The
normalized current to biomass and anode surface area from our reactors show higher
values at —0.15 V [3.51 = 0.28 A/(m?-mg protein)] compared to +0.15 V [2.63 * 0.17
A/(m2-mg protein)] (P < 0.05, t test) which is consistent with this hypothesis. Activity
measurements at exponential conditions (i.e., during biofilm formation) should be per-
formed to confirm our findings.

The rates of ethylene generation by G. sulfurreducens compare favorably to those of
diazotrophs in the literature. Previously, we found that mixed-community MECs pro-
duced a maximum of 39 = 3.7 nmol C,H,/(min-mg protein) (13). The results presented
here represent an increase of 410% and 167% for —0.15 V and +0.15 V, respectively. A
recent study by Jing et al. on N, fixation in G. sulfurreducens MECs reported rates of
13 nmol C,H,/(min-mg protein) for anodes poised at +0.3 V versus saturated calomel
electrode (~+0.54 V versus SHE) (17). Similarly, the free-living diazotroph A. vinelandii,
considered a model for nitrogenase activity, has been shown to produce between 100
and 250 nmol C,H,/(min-mg protein) based on growth conditions (56). Despite lower
growth rates, G. sulfurreducens generated ethylene comparably to A. vinelandii at
—0.15 V and at only slightly lower rates at +0.15 V. However, it should be noted that
differences in the ARA methodology and normalization (e.g., headspace composition,
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FIG 4 Normalized gene counts of selected genes associated with hydrogenase activity in G.
sulfurreducens at an E,, of —0.15 V compared to +0.15 V. No NH," was added in both conditions.
Genes shown in bold are classified as differentially expressed (|log,FC| > 2.00 and P < 0.05; red
shows upregulated genes; blue shows downregulated genes). Gene counts are expressed in RPKM.

ethylene concentration, and sampling frequency) may contribute to variations across
some of these studies.

Since many genes related to NH, ™ assimilation were upregulated during anode respira-
tion, we measured glutamate and glutamine concentrations in the biomass (intracellular)
and medium (extracellular). Intracellular glutamine concentrations were 1,193 = 118 nM
and 809 * 140 nM at —0.15 V and +0.15 V (P < 0.05, t test). Glutamate concentrations
were 1,564 = 84 nM and 676 = 102 nM at —0.15V and +0.15V (P < 0.01, t test). When
normalized to biomass, glutamine and glutamate levels were 260% and 417% higher,
respectively, at —0.15 V than at +0.15 V (Fig. 3B). Elevated levels of glutamine at —0.15 V
are noteworthy because excess glutamine typically results in downregulation of N,-fixing
genes (57). The fact that elevated glutamine occurred at —0.15 V, which was associated
with higher N, fixation rates, implies that glutamine may not be a strong repressor of N,
fixation in G. sulfurreducens. This hypothesis is supported by the work of Ueki and Lovley
(19), who suggested that N, fixation is under the control of a novel two-component sys-
tem that responds mainly to NH,™ limitation. Extracellular glutamine and glutamate were
expected to be low because G. sulfurreducens lacks a known glutamate or glutamine trans-
porter (58). Extracellular glutamine concentrations were 254 + 20 nM and 51 *+ 42 nM at
—0.15 V and +0.15V, respectively (P < 0.01, t test). Glutamate concentrations, however,
were 223 = 57 nM and 197 £ 24 nM at —0.15 V and +0.15 V, respectively (P > 0.05, t
test) (Fig. 3Q). Since the detection limit of the method was 50 nM, the glutamine results at
+0.15 V may not be accurate. The low levels of extracellular glutamate and glutamine that
were detected are likely due to either general amino acid transporters that act as gluta-
mate/glutamine exporters or cell component breakdown in the medium (59).

(iii) H,-dependent genes. H, gas is an important regulator of some genes and can
also serve as an electron donor. In the MECs, H, gas is generated by the nitrogenase dur-
ing N, fixation and abiotically at the cathode (60). With respect to growth, genes with
high expression counts at —0.15 V included the H,-dependent growth transcriptional
repressor gene hgtR (upregulated at —0.15 V; log,FC = 4.19) (Fig. 4). HgtR represses
genes involved in biosynthesis and energy generation when Geobacter species use H, as
an electron donor (29). It is unlikely that cathodically-generated H, was responsible for
the differential expression of hgtR, because the current (which is proportional to H, gas
generation) at the two potentials was very similar (P > 0.05, t test) at the time RNA was
extracted (Table S1). Since nitrogenase-related genes had higher expression levels at
—0.15 V (implying that N, fixation was greater at that potential), it is likely that H, pro-
duced by the nitrogenase was the main driver. Expression of hgtR may have diverted
electrons from central carbon metabolism and biosynthesis toward N, fixation at that
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FIG 5 Normalized gene counts of selected genes associated with electron transfer activity in G.
sulfurreducens at an E,, of —0.15 V versus SHE compared to an E,, of +0.15 V. No NH,* was added
in both conditions. Genes shown in red are classified as differentially expressed (|log,FC| > 2.00 and
P < 0.05) with respect to +0.15 V. Gene counts are expressed in RPKM.

potential. The fact that both HgtR and N, fixation gene expression are mediated by
RpoN (28, 29) lends support to a relationship between these processes.

Regarding oxidation of H,, the majority of hydrogenase genes were not differentially
expressed. The hyb cluster comprises genes that synthesize a periplasm-oriented, nickel-
dependent hydrogenase Hyb, which is used by G. sulfurreducens to oxidize H, and is fre-
quently upregulated when energy (through ATP production) is required (61, 62). Some of
the genes in this cluster, such as hybS and hybP, showed a slightly higher expression
(log,FC = 0.50 and 0.84) at —0.15 V, which might be related to higher nitrogenase activity
that presumably results in a greater ATP requirement; however, the majority of the genes
on this cluster were not differentially expressed. Interestingly, the mvh cluster, which en-
codes a cytoplasmic hydrogenase related to the hydrogenases found in methanogens
(62), was downregulated at —0.15 V (Fig. 4). These hydrogenases are reported to generate
reduced equivalents such as ferredoxins to drive methanogenesis (63). Although expres-
sion of these genes was lower than that of the hyb cluster, this hydrogenase is also
involved in H, uptake. The mvh-encoded hydrogenase may also be involved in other
functions, such as converting forms of reducing power from H,; however, the specific role
and regulation of Mvh remain unclear (62). Regarding the remaining hydrogenases, the
gene clusters hox, which may be involved in H, production (62, 64), and hya, likely
involved in oxidative stress defense rather than H, uptake (65), did not display high
counts or differential expression between treatments (data not shown), most likely due to
the experimental conditions analyzed (i.e., biofilm anode instead of biofilm cathode and
anaerobic conditions when comparing anode potentials). Additional experiments where
cathodically-produced H, does not influence gene expression may offer a deeper insight
into the relationship between the aforementioned H, uptake systems and H, production
due to nitrogenase activity.

(iv) Electron transfer genes. We also examined the expression of genes related to
electron transfer in G. sulfurreducens. Those genes shared a major portion of the overall
expression profile, where 14 genes were upregulated and 11 downregulated at —0.15 V
(Fig. S4). This change in expression was expected, because electron transfer kinetics and
activity depend on anode potential in METs, and exoelectrogenic bacteria can adapt
electron transfer pathways to changes in anode potential (27). When normalized counts
were calculated for genes that are known to possess electron transfer activity, we found
that the expression of several genes was significantly higher at —0.15 V, including genes
that encode flavoproteins, periplasmic proteins, ferredoxins, such as a nitrogen-associated
ferredoxin (fdxN), and some outer membrane cytochromes (OMCs) (Fig. 5).

Genes encoding the flavin-based electron bifurcating enzyme complexes NfnAB
(nfnA and nfnB) and EtfAB (etfA, etfB, and the genes GSU2795, GSU2798, and GSU2799,
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which may be related) were differentially expressed and upregulated at —0.15 V
(log,FC > 2.50 for both NfnAB genes, and log,FC > 2.00 for all EtfAB genes) (Fig. 5).
Flavin-based electron bifurcation (FBEB) is a recently discovered mechanism of electron
transfer in which microorganisms (mainly anaerobic Bacteria and Archaea) are able to
simultaneously transfer electrons from an electron donor to one acceptor at a more
positive potential than the donor (exergonic) and another acceptor at a more negative
potential than the donor (endergonic) (66, 67). FBEB produces low-potential electron
donors like ferredoxins that can drive reactions such as H, evolution and whose gener-
ation would normally require considerable expenditure of metabolic energy (i.e., ATP)
(66, 67). NfnAB, a NADH-dependent reduced ferredoxin:NADPH oxidoreductase, cata-
lyzes the reversible endergonic reduction of NADP* with NADH by coupling it to the
exergonic reduction of NADP* with reduced ferredoxin, allowing the generation of ei-
ther NADPH, NADH, or reduced ferredoxin as metabolically needed and thus maintain-
ing the redox balance of these compounds with minimal energy expenditure (68). The
electron transfer flavoprotein EtfAB is known to couple the oxidation of NADH with the
reduction of ferredoxins (endergonic) by using energy released during the simultane-
ous reduction of organic compounds such as crotonyl coenzyme A (crotonyl-CoA)
(exergonic) (67, 69). Enzyme complexes similar to EtfAB have been identified in diazo-
trophs. One example is the Fix system, present in the diazotroph A. vinelandii, in which
NADH oxidation is coupled to the reduction of quinones and either ferredoxins or fla-
vodoxins to obtain electron donors for N, fixation (66, 70). In the case of G. sulfurredu-
cens, FBEB remains largely unstudied, with only a few studies discussing a possible
association with processes such as carboxydotrophic growth, electron transfer, and N,
fixation (17, 71, 72). Jing et al. (17) found EtfAB and NfnAB to be upregulated in MECs
operated under N,-fixing conditions compared to when NH,™ was added, suggesting
that these complexes might be involved in the generation of reduced ferredoxins that
drive N, fixation. Their findings are based on reactors operated at ~+0.54 V versus
SHE. Our results suggest that a lower anode potential further encourages electron
bifurcation, possibly due to accumulation of NAD(P)H, which in turn drives higher N,
fixation rates.

The expression of OMCs was also analyzed, as they are usually required by Geobacter
species to transfer electrons to insoluble electron acceptors, such as iron, manganese,
uranium, or anodes in METs (73-75). Among them, omcE was highly expressed at —0.15
V (log,FC = 2.04) (Fig. 5). This cytochrome is required for iron(lll) oxide reduction (76) and
has also been shown to be involved in anode respiration (77, 78). Although its structure
was recently elucidated (79), its properties and exact function during electron transfer
are still not fully characterized (80). The genes of other well-characterized OMCs that are
commonly expressed during anode respiration, such as omcB and omcS (73, 77), were
not differentially expressed (log,FC = —1.05 and —0.68). Although different OMCs have
been reported to be expressed depending on anode potential, a more positive potential
typically favors the expression of a higher variety of OMCs (81). It is surprising that in our
MECs, only omcE showed high expression levels and was upregulated at —0.15 V, sug-
gesting that this OMC may have a connection with higher N, fixation rates. As unique
sets of OMCs are expressed in bacteria with extracellular electron transfer pathways
under other redox-related environmental conditions, such as unusual electron acceptors
(e.g., uranium and palladium) (42, 82) and limited soluble electron donors (83), this hy-
pothesis is plausible, although further characterization of omcE and its regulation under
N,-fixing conditions is required to fully understand this relationship. Other genes associ-
ated with electron transfer in G. sulfurreducens that are responsive to anode potential,
such as cbcl and imcH (22, 23, 81), were not differentially expressed in our experiments
(log,FC = —1.09 and 0.15). Both genes have been reported to be constitutively expressed
and their activity regulated at the protein level (23). Here, cbcL expression was lower at
—0.15 V, which agrees with a study by Ishii et al. (81). Even though pilA is not classified
within the “electron transfer activity” category, it encodes a critical component for elec-
tron transfer to anodes in G. sulfurreducens (84). The expression of pilA at —0.15 V was
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FIG 6 Normalized gene counts of selected genes involved in N, fixation, electron transfer activity,
and hydrogenase activity in MECs with 5 and 10 mM NH," compared to 0 mM NH,". All MECs were
operated at an E,, of +0.15 V versus SHE. Genes shown in bold are classified as differentially
expressed (|log,FC| > 2.00 and P < 0.05; red shows upregulated genes; blue shows downregulated
genes). Gene counts are expressed in RPKM.

upregulated (log,FC = 2.48), which may contribute to higher electron transfer activity.
Our protein-normalized current densities support this hypothesis. Current production was
higher at —0.15 V [3.51 = 0.28 A/(m?-mg protein)] than +0.15 V [2.63 *= 0.17 A/(m?>-mg
protein)] (P < 0.05, t test), despite similar absolute /, values between E,, values at the
time RNA was extracted (Table S1).

(v) Effect of NH,* on gene expression profiles. Gene expression analysis was per-
formed on MECs that operated with either 5 mM or 10 mM NH,* and at +0.15 V to
evaluate the impact of NH,™ on N, fixation. Compared to the reference treatment (no
NH, " added, +0.15 V), a total of 193 and 304 genes at 5 mM and 10 mM NH,*, respec-
tively, were found to be differentially expressed (Table S4). Lists of all differentially
expressed genes are provided in Tables S5 and S6. The addition of NH,* resulted in dif-
ferential expression of genes related to biosynthesis and reduction in the expression of
N, fixation genes. Classes of upregulated biosynthesis-related genes included those
categorized for translation (e.g., ribosomal proteins) and for protein folding and stabili-
zation (e.g., chaperones), as well as genes encoding NADH dehydrogenases (Fig. S5).
These results were expected because sufficient NH,* availability usually suppresses N,
fixation and makes available the electrons and ATP that would have been used for the
metabolically demanding N, fixation process (85). The upregulation of genes associ-
ated with the tricarboxylic acid (TCA) cycle and genes involved in amino acid produc-
tion when NH," was present (Fig. S5) support this hypothesis. These results are also
consistent with those obtained by Jing et al. (17), where adding NH, " resulted in up-
regulation of acetate conversion to biomass, although TCA cycle-related genes were
upregulated during N, fixation instead. At the physiological level, the higher maximum
I, (which is a direct measure of respiration) when no NH,* was present in the medium
(Table S1 and Fig. S1) also supports this hypothesis, as additional electrons from the
substrate were likely directed toward N, reduction and ATP that otherwise would be
used for biomass generation.

The addition of NH,* (at both concentrations) was associated with downregulation
of the majority of genes corresponding to N, fixation (Fig. 6), which is consistent with
prior reports of free-living diazotrophs suppressing N, fixation when sufficient NH," is
available. The gene encoding the NH,™ transporter amtB was also downregulated
(log,FC = —2.09), which was expected, as NH,* at sufficiently high concentrations (more
than 1 mM) can diffuse through the membrane in the form of NH; (41). Regarding NH, "
assimilation genes, gdhA was upregulated and highly expressed (log,FC = 3.90), which
supports our findings, as this gene encodes glutamate dehydrogenase, the enzyme re-
sponsible for NH,* uptake when sufficient amounts are present, and is known to be
repressed under N,-fixing conditions (19). Accordingly, genes such as glnA, ginB, and gitS
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were not differentially expressed with NH,* (log,FC = 0.53, 0.49, and 0.25), and their
expression levels were similar to those obtained with the reference treatment, which is
expected, as glutamine synthetase and glutamate synthase are needed to synthesize the
respective amino acids during anabolism (86). Many of the electron transfer activity
genes known to be highly expressed during anode respiration, such as omcS, omcE, and
pilA, showed higher counts with NH,* addition (log,FC = 3.03, 1.32, and 2.00) (Fig. 6),
most likely in response to the reduced energy expenditure resulting from decreased N,
fixation or NH,™ transporter synthesis (27). Genes found to be associated with electron
bifurcation such as etfA and etfB, were similarly expressed irrespective of NH,™ concen-
tration (log,FC = 0.10 and 0.14), and nfnA and nfnB showed only a slight decrease in
expression upon NH,* addition (log,FC = —1.32 and —1.01) (Fig. 6), suggesting that the
positive anode potential (+0.15 V) provided enough energy to facilitate metabolic proc-
esses through oxidative phosphorylation. Jing et al. (17) found significant downregula-
tion of all these genes when NH,™ was in the medium, which is in general agreement
with our observations regarding nfnA and nfnB. It is likely that the reactor design and
operation conditions may explain the differences observed, as their reactors were two-
chambered MECs operating at +0.54 V versus SHE and had a maximum /, of 1.7 A/m?
(17). Therefore, cathodically-produced H, was not available as an electron donor.
Possible accumulation of protons may have occurred in their study due to the use of a
proton exchange membrane, as commonly reported in these systems (87). These condi-
tions may have further encouraged electron bifurcation to optimize electron transfer
toward N, fixation and current in comparison to our one-chambered systems, where ca-
thodic H, can be reutilized. Regarding hydrogenase-related genes, NH,* addition
resulted in upregulation of genes such as hybB and hybS (log,FC = 2.11 and 2.08) (Fig. 6).
Based on our current density observations and the repression of nitrogenase activity, the
addition of NH,* should result in lower H, availability to the anode biofilms. Although
counterintuitive, the hyb cluster may have been expressed to maximize H, uptake and
recycle electrons toward biomass production when high concentrations of nutrients (i.e.,
NH,*) are available, which is understandable given that Geobacter spp. frequently en-
counter oligotrophic conditions (88). Since mvh genes were also downregulated in the
presence of NH,", G. sulfurreducens should be able to express different mechanisms of
H, uptake (and possibly H, production) depending on the environmental conditions, as
occurs in other microorganisms with several hydrogenase systems (89), although the
exact regulation and H, affinity of these systems require further study.

(vi) Conceptual models linking N, fixation and extracellular electron transfer.
Based on the transcriptome profiles described above, we conceived three hypothetical
scenarios of N, fixation pathways and their regulation in G. sulfurreducens as a function
of anode potential and availability of NH,". In the first scenario, when the anode
potential is +0.15 V and NH,* is available (Fig. 7A), NH,* is readily converted by gluta-
mate dehydrogenase (Gdh) into amino acids, bypassing energy expenditures associ-
ated with fixing N,. Electrons that would have been used for N, fixation can instead be
directed toward biomass production pathways when NH," is present. This observation
is supported by the lower respiration rates (current densities) recorded when NH,*
was present and by the recent study by Jing et al. (17), which showed that electrons
are shifted away from biomass production during N,-fixing conditions while acetate
consumption and current production per cell increase.

In the second scenario, the anode potential is +0.15 V and NH, ™ is absent (Fig. 7B).
N, fixation and NH,* assimilation pathways through glutamine synthetase (GInA) and
glutamate synthase (GItS) become active. At this positive anode potential, the cells har-
vest sufficient energy to provide the required electron donors (i.e., ferredoxins/flavo-
doxins) and ATP for N, fixation. Generation of reduced ferredoxins/flavodoxins for N,
fixation in G. sulfurreducens has not been well studied, but common strategies in other
diazotrophs include the pyruvate-flavodoxin oxidoreductase (PFOR) present in micro-
organisms that thrive in anoxic environments (e.g., clostridia and methanogens) (90)
and the Rhodobacter nitrogen fixation (Rnf) complex utilized by the model diazotroph
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FIG 7 Proposed distribution of electron transfer and metabolic flow in anode-respiring G. sulfurreducens
(A) at an E,, of +0.15 V and sufficient NH,*, (B) at an E,, of +0.15 V and limited NH,", and (C) at an
E,y of —0.15 V and limited NH,*. Ovals correspond to relevant enzymes present along the flow of
electrons/metabolites. Blue ovals and blue dashed lines denote downregulated pathways. Purple ovals
and black lines indicate moderate expression and flow under baseline conditions. Red ovals and red
bold lines represent upregulated/preferential pathways. Images were created with BioRender.com.
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A. vinelandii, which employs translocated protons that otherwise would be destined
for further ATP generation (91). Elucidating which strategy (or strategies) is employed
by G. sulfurreducens to reduce ferredoxins/flavodoxins at positive potentials is impor-
tant because of the role these electron carriers play in N, fixation. Electron bifurcation
may also occur to provide reduced ferredoxin and reduce ATP expenditure, as demon-
strated by Jing et al. (17), although the exact contributions of electron bifurcation and
overall energetic efficiency remain unclear.

In the third scenario, the anode potential is —0.15 V and NH,* is absent (Fig. 7C). N,
fixation occurs at high rates because key N, fixation genes (including genes that code
for the nitrogenase subunits such as nifD) are highly expressed (Fig. 2). At —0.15 V,
energy available for biomass production is theoretically limited relative to +0.15 V,
resulting in a reduced state for many cytochromes and a shift toward more reduced elec-
tron carriers, such as NADH instead of NAD* (27). N, fixation may be a strategy to reoxid-
ize these carriers by redirecting electrons toward NH,™ and H, production, thus helping
to maintain redox homeostasis under the energy-constrained conditions, as has been
observed in other diazotrophs (53, 54). Electron bifurcation through the EtfAB and
NfnAB complexes are likely directly involved in reoxidizing NAD(P)H while providing the
required electron donors for N, fixation. Compared to other pathways that consume
energy from the proton motive force (e.g., the Rnf pathway in A. vinelandii), this strategy
should allow additional ATP to be generated from substrate oxidation and be directly
utilized by the nitrogenase to overcome the high energy activation (92). This mechanism
has been observed in A. vinelandii, where the Fix electron bifurcation system is preferred
over Rnf at low O, concentrations to maximize energy utilization (93). Although G. sulfur-
reducens does not possess the Fix complex, the EtfAB complex is functionally similar (70),
providing support for the idea that this mechanism likely helps energy optimization at
—0.15V and increases N, fixation rates. The fixed nitrogen at —0.15 V is stored primarily
as glutamine and glutamate to possibly lower the potential toxicity of intracellular NH,™,
act as a sensing and regulatory molecule as reported in other microorganisms (50), or
contribute to redox homeostasis by oxidizing NAD(P)H (52). A regulatory connection
between glutamate and glutamine synthesis and electron bifurcation may occur to help
N, fixation at —0.15 V, because the genes encoding the electron bifurcating system
NfnAB, nfnA and nfnB, are similar to gltS (GSU3057 [nfnA] has been annotated as a gluta-
mate synthase gene [94]) and the two enzymes have similar amino acid sequences and
structures (66, 68). To maximize electron transfer to the anode and obtain energy for N,
reduction, certain electron-transfer related genes are upregulated, including omcE and
pilA (the latter is dependent on the nitrogen regulon regulator RpoN [28]); however, a
better understanding of both proteins is needed to properly characterize their function
under N, fixation conditions. Posttranslational controls of nitrogenase activity, such as
DraG and DraT, are also likely to be involved. Studies on the activities of these nitroge-
nase-regulating enzymes in G. sulfurreducens at different potentials are needed to improve
the understanding of regulatory mechanisms involved in the posttranscriptional control
of nitrogenase levels and activity.

Conclusions. Our results show that N, fixation activity and regulation in Geobacter
sulfurreducens change with the anode potential in microbial electrolysis cells (MECs). N,
fixation in free-living diazotrophs such as G. sulfurreducens is tightly controlled by several
regulatory genes. The use of an MEC to adjust electron acceptor (anode) potentials led
to differential gene expression profiles for this organism depending on the applied
potential or the addition of fixed nitrogen (i.e., NH,*). At an anode potential of —0.15 V
versus SHE, N, fixation-related genes and flavin-based electron bifurcation genes
showed the highest expression relative to +0.15 V, and N, fixation rates were found to
be elevated. This implies a connection between these processes and a novel route for
this organism to optimize electron transfer and N, fixation as a means to achieve redox
homeostasis under energy-constrained conditions. While we found higher nitrogenase-
related gene expression and N, fixation rates at —0.15 V, our results are based on the
entire anode biofilm, which likely included active and nonactive cells that may have
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varied in activity and gene expression. To gain finer resolution of gene expression levels
throughout the biofilm, extracting RNA during exponential growth and from biofilm sec-
tions is needed. Transcriptomics of sectioned biofilms may also help clarify whether
expression of N, fixation genes changes with proximity to the anode surface. Using an
anode as an electron acceptor is a viable approach not only to increase N, fixation under
anaerobic conditions but also to understand the regulation and connections between N,
fixation and anode respiration with the intent of optimizing the pathways for NH,* pro-
duction. Additional experiments, such as studying the effect of NH,™ on gene expression
profiles at negative anode potentials, elucidating the contribution of posttranslational
regulatory mechanisms such as DraG/T, and characterization of the electron bifurcating
systems NfnAB and EtfAB in G. sulfurreducens, will help reveal metabolic controls of N, fix-
ation genes during anode respiration. Targeting NH,* assimilation and transport genes
through editing may permit excretion of this compound during anode respiration, while
controlling the anode potential to enable increased expression of N, fixation genes may
provide an operational approach to enhance N, fixation rates.

MATERIALS AND METHODS

Reactor assembly and operation. The gas-tight microbial electrolysis cells (MECs) consisted of 100-
mL glass medium bottles with rubber stoppers, a polished graphite plate (surface area (A) = 4.5 cm?) as
the anode, and stainless steel mesh (surface area (A) = 3.9 cm? projected area) as the cathode. Both elec-
trodes were connected to current collectors (titanium and stainless steel wires, respectively) that were
inserted through the rubber stopper. A plastic threaded bolt was used to join the anode and cathode
and ensure that the distance between them was fixed at 2 cm. An Ag/AgCl reference electrode
(+200 mV versus SHE) was inserted through the rubber stopper and placed between the anode and
cathode.

G. sulfurreducens PCA was first grown from a frozen stock in a phosphate-buffered medium (PBM)
containing (per liter) 2.5 g NaH,PO,, 4.6 g Na,HPO,, 0.1 g KCl, 10 mL of a vitamin solution, and 10 mL of
a trace mineral solution (95), with sodium acetate (1 g/L) as the electron donor and sodium fumarate
(8 g/L) as the electron acceptor and without NH, ™. After reaching early stationary phase (optical density
at 600 nm [ODg,,] ~ 0.5), 10 mL of suspension was harvested by centrifugation (4,000 rpm for 20 min),
and the pellet was resuspended in 100 mL of PBM containing sodium acetate (2 g/L) but no fumarate or
NH,*. One resuspended pellet was added to each MEC. After addition of medium and inoculum, the
MECs were operated in fed-batch mode at 30°C. They were connected to a potentiostat (Bio-Logic
Science Instruments, Knoxville, TN) and operated with a fixed E,, of either —0.15 V or +0.15 V versus
SHE. To investigate the impact of NH,* on N, fixation regulatory pathways, additional reactors were
operated at +0.15 V versus SHE with either 0.3 g/L or 0.6 g/L NH,Cl (~5 mM and 10 mM NH,*, respec-
tively) added to the medium. All MECs were flushed with 100% N, (ultrahigh purity) at the start of the
tests. Current density (/,) was measured to track metabolic activity of the cultures and calculate electron
transfer rates. The media were replaced in a biological safety cabinet (to avoid potential biological con-
tamination) once /, had been stable for at least three days or, in the case when current dropped after
reaching a peak, when /, had decreased to below 75% of the maximum current at the peak. MECs were
operated for three batches to promote sufficient biomass production for RNA extraction. For the third
batch, the reactors were operated for two days after refeeding before the anode was harvested to
ensure that RNA was obtained when the cells were generating stable current.

RNA extraction and sequencing. Two days after the beginning of the third batch, the anodes were
removed and placed directly in RNAprotect bacterial reagent (Qiagen) to preserve total RNA. The anode
was vigorously scraped using a sterile razor to remove the biofilm cells, which were deposited in the pre-
serving reagent for 5 min. After the samples were centrifuged (5,000 x g for 10 min at 4°C), the superna-
tant was removed, and the pellets were stored at —80°C until RNA was extracted. RNA extraction was
performed using the RNeasy minikit (Qiagen) following the manufacturer’s instructions. Lysozyme and
proteinase K were used to lyse bacterial cells, and DNase | was added to remove DNA contamination. At
least 3 ng of total RNA per sample, all with an A,¢,/A,g, purity of 2 or higher, was sent to the Genomic
Sciences Laboratory (GSL) at North Carolina State University. The RNA samples were subjected to ribode-
pletion, where rRNA was removed from the samples using the RiboMinus transcriptome isolation kit for
bacteria, followed by the RiboMinus concentration module (Thermo Fisher Scientific, Waltham, MA).
cDNA libraries for next-generation sequencing were prepared using the NEBNext Ultra RNA library prep-
aration kit for lllumina (New England Biolabs Inc., Ipswich, MA). The average library size was 430 bp with
an average insert size of 305 bp. The pooled libraries were sequenced using the Illumina NovaSeq 6000
SP platform, with a read length of 150 paired ends. Around 20 to 25 million sequencing reads per sam-
ple were obtained to account for residual rRNA and increase the resolution of the mRNA profiles.

After the sequencing data were obtained, sequencing results were filtered using the Trimmomatic
tool to remove adapters and low-quality reads (96). They were subsequently aligned to existing genes
using the Bowtie2 software tool, using the genome of G. sulfurreducens PCA from the Ensembl Genome
platform as a reference (97). Counts of successful alignments and generation of gene tables were per-
formed using the HTSeq software tool (98). Gene tables were analyzed on the R platform, utilizing the
DESeq2 package to perform statistical and differential expression analysis (99). Genes of the tested
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treatments were considered differentially expressed with regard to the reference treatment (+0.15V, no
NH,* added) when log, fold expression levels were higher than 2.00 or lower than —2.00 based on pre-
vious gene expression studies to minimize the inclusion of biologically nonsignificant genes (36-38),
and when the adjusted P value was less than 0.05 to minimize FDR.

Nitrogenase assay. We estimated N, fixation rates using the acetylene reduction assay (ARA) (100).
Since acetylene amendments could impact gene expression, we operated a second set of MECs dedicated to
ARA testing. Acetylene was produced via a calcium carbide-H,O reaction as described previously (101).
Residual oxygen was removed from acetylene via excess cystine exposure in sealed serum bottles over 12 h.
Oxygen depletion, acetylene content, and ethylene generation were determined by gas chromatography.
Gas chromatography was performed using a gas chromatograph equipped with a thermal conductivity de-
tector and a flame ionization detector (model 8610C; SRl Instruments, Torrance, CA). Ethylene concentrations
were measured by taking 3-mL samples at 3, 6, and 18 h after injection of acetylene. Total ethylene gener-
ated was calculated by combining the concentration measured in the headspace of each reactor with the
predicted dissolved concentration based upon Henry’s law (coefficient of ethylene, 0.0048 M/atm) (102). To
normalize ARA rates, biomass was extracted from the anode by scraping and resuspended in ice-cold phos-
phate-buffered saline (PBS) buffer (50 mM). Protein content was measured with the Pierce bicinchoninic acid
protein assay kit (Thermo Scientific, Waltham, MA) following the manufacturer’s protocol.

Metabolite assays. We quantified the concentrations of intracellular and extracellular NH,", gluta-
mate, and glutamine in the MECs. Excretion of glutamate and glutamine into the medium was measured
using the Glutamine/Glutamate-Glo assay kit (Promega Corporation). For extracellular measurements, a
sample of the suspension was centrifuged at 3,200 x g for 5 min to separate cells from the medium.
Cells were resuspended in 1 mL of ice-cold 50 mM PBS before measurement using the kit's standard pro-
tocol. Intracellular measurements were obtained by scraping the biofilm from each electrode and sus-
pending in 1 mL ice-cold 50 mM PBS. A sample of the full biofilm (100 uL) was taken, and inactivation
solution | was added to each of the samples (50 uL), followed by Tris solution | (50 xL). Glutamate and
glutamine concentrations were then measured via luminescence (Cytation 5; Biotek) using the kit's
standard protocol.

Statistical analyses. Statistical analyses were performed on measurements from triplicate MEC reac-
tors using the Microsoft Excel software. Unpaired t tests between treatments were performed to com-
pare maximum current density (/,), startup time, /, before RNA harvesting, ethylene production rates,
and glutamate and glutamine concentrations, with a P value of <0.05 defined as indicating statistical
significance.

Data availability. The RNA sequencing data to generate gene expression profiles were deposited in
the Sequence Read Archive (SRA) database of the National Center of Biotechnology Information (NCBI)
under BioProject accession number PRJNA907487.
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