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• Raising flow velocity tripled co-culture 
biofilm density and current 2.5-fold.

• G. sulfurreducens monocultures stay 
flow-insensitive; syntrophy drives 
response.

• S. oneidensis shapes biofilm architecture 
despite under 5% of transcript reads.

• bpfD upregulated 10.7-fold under shear 
governs connectivity and current 
output.

• bpfD-deletion lowered current 7.5-fold, 
confirming gene-regulated shear 
response.
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A B S T R A C T

Bioelectrochemical systems (BES) are versatile platforms for energy and resource recovery, where electroactive 
biofilms serve as the key biocatalyst. While performance depends on flow dynamics, the interplay between 
hydrodynamic conditions, biofilm architecture, and gene-regulation in syntrophic communities remains poorly 
understood. We investigated defined surface flow velocities (0.2 and 0.8 mm/s) on the structure and electro
activity of Shewanella oneidensis–Geobacter sulfurreducens coculture biofilms. Higher flow produced more compact 
biofilms with lower biovolume and porosity, yielding higher current densities. Flow transitions induced 
persistent structural and electrochemical shifts, indicating an adaptive, gene-regulated response to shear. Since 
G. sulfurreducens monoculture biofilms were flow-insensitive, regulation appears to originate from S. oneidensis. 
Transcriptomics showed strong shear response, including 10.7-fold upregulation of bpfD. Its deletion reduced 
current density and increased porosity despite comparable biovolume. Three-dimensional fluorescence in situ 
hybridization imaging revealed a porous, loosely organized structure within the mutant biofilm. This was 
consistent with the structural and electrochemical differences observed. These findings reveal that community- 
level electrochemical performance can be governed by a minor transcriptional contributor rather than by the 
dominant current-producing species.
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1. Introduction

Electroactive biofilms in bioelectrochemical systems (BESs) are 
formed by exoelectrogenic microorganisms that colonize electrode sur
faces, utilizing them as terminal electron acceptors to sustain their 
metabolism (Kokko et al., 2018). Shewanella oneidensis and Geobacter 
sulfurreducens are well-established model exoelectrogens with comple
mentary metabolic and biofilm-forming properties. Their syntrophic 
interaction is based on lactate conversion by S. oneidensis and subse
quent acetate utilization by G. sulfurreducens, thereby expanding the 
substrate range for anodic current production, as previously shown by E. 
Klein et al. (2023). At the same time, the two organisms differ markedly 
in their extracellular electron transfer strategies and biofilm-forming 
capabilities. Therefore, this coculture provides a suitable model sys
tem to investigate how flow dynamics affect the structure, composition, 
and electrochemical performance of syntrophic electroactive biofilms.

Hydrodynamic conditions play a central role in regulating biofilm 
development and activity in flow-through systems (Xiao et al., 2021). 
Flow velocity and flow regime determine substrate delivery, removal of 
metabolic byproducts, and mass transport across the biofilm–liquid 
interface, thereby shaping bacterial attachment, nutrient diffusion, and 
biofilm growth dynamics (Alotaibi, 2021; Wang et al., 2022). In BESs, 
hydrodynamic shear force is a key factor shaping electroactive biofilm 
architecture and electrochemical output (Rago et al., 2016). Previous 
studies have shown that low shear stress can lead to the formation of 
thick, heterogeneous biofilms with metabolically active outer layers and 
inactive, nutrient-depleted cores, ultimately limiting electron transfer 
and reducing current generation (Islam et al., 2019). Conversely, 
excessive shear stress may exceed biofilm adhesion and cohesion forces, 
causing detachment of cells, extracellular polymeric substances (EPS), 
or entire biofilm clusters, thereby compromising long-term stability 
(Pizzi et al., 2025). Balanced shear stress mitigates diffusion limitation 
at low flow velocity and detachment at high flow velocity. Under these 
conditions, biofilms establish faster, reach higher cell densities, and 
exhibit higher metabolic activity (Godain et al., 2024; Jadhav and 
Ghangrekar, 2009).

Biofilm formation is mainly regulated by three systems: quorum 
sensing, intracellular second messengers, and two-component systems 
(Feng et al., 2021; Tang et al., 2025). Intracellular second messengers 
regulate bacterial physiology in response to external environmental 
signals, such as shear stress, and thereby control biofilm formation and 
properties (Fang et al., 2023; Tan et al., 2020). Cyclic diguanylate 
monophosphate (c-di-GMP) is a central second messenger that controls 
the planktonic–sessile transition by regulating motility, EPS production, 
and biofilm maturation (Elgamoudi et al., 2022; Liu et al., 2016). High 
intracellular c-di-GMP generally promotes attachment and matrix for
mation as it promotes adhesin and exopolysaccharide matrix production 
and suppresses motility, whereas low c-di-GMP favors motility and 
dispersal (Guo et al., 2017; Hengge, 2009; Park and Sauer, 2022). Shear 
stress can directly modulate c-di-GMP signaling. Fang et al. (2023) re
ported that small shear changes caused large c-di-GMP fluctuations in 
mixed-culture biofilms. Consistent with this, studies on electroactive 
biofilms demonstrate that shear stress directly influences anodic biofilm 
development by modulating biofilm thickness, density, and metabolic 
rate, thereby affecting both biofilm growth kinetics and electrochemical 
performance (Godain et al., 2024; Jones and Buie, 2019). To the best of 
our knowledge, there is currently limited information on the correlation 
between shear stress and intracellular c-di-GMP signaling in electro
active biofilms, and it remains unclear how this relationship may differ 
depending on biofilm growth mechanisms and the microorganisms 
involved.

This gap is especially pronounced for syntrophic coculture systems, 
in which one species supplies the substrate that sustains current gener
ation by another, so that performance depends on the spatial coupling 
between partners rather than on the biomass of a single organism. Such 
interspecies dependence adds a layer of regulatory complexity that is 

rarely addressed. Here, we investigate how hydrodynamic conditions 
shape the structure, function, and molecular regulation of syntrophic 
electroactive coculture biofilms formed by S. oneidensis and 
G. sulfurreducens. To address these aims, we used a microfluidic BES 
combined with optical coherence tomography (OCT), which enable 
noninvasive, real-time monitoring of electroactive biofilm development 
under defined flow velocities and controlled shear transitions. Biofilm 
performance was evaluated by correlating current density with struc
tural parameters, including biovolume and porosity. Transcriptomic 
analyses and targeted gene inactivation were used to understand mo
lecular responses to shear stress. Together, these complementary ap
proaches were chosen to provide mechanistic insight into how 
hydrodynamic forces regulate the structure and activity of a syntrophic 
electroactive biofilm.

2. Materials and Methods

2.1. Microfluidic BES

The electrochemical experiments were conducted in a custom- 
designed microfluidic BES flow cell, developed based on the protocol 
described by E. Klein et al. (2024a) (Supplementary Fig. S1). The setup 
integrates electrodes made from a graphite-polypropylene composite 
(PPG 86, Eisenhuth GmbH & Co. KG, Germany) with a projected surface 
area of 3 × 10 mm, embedded within the microchannel. The system 
consists of two microfluidic channels connected in series. The upstream 
microfluidic reactor contained the working electrode (i.e., anode) 
alongside a custom-fabricated Ag/AgCl reference electrode. The down
stream microfluidic reactor held the counter electrode (i.e., cathode). 
Each microfluidic reactor has a total volume of 354 μL; three separate 
upstream and downstream microreactors were used, enabling triplicate 
measurements (Supplementary Fig. S2). Anaerobic conditions were 
provided to the upstream anodic reactors, gathered in one closed 
compartment, by continuous flushing with a gas mixture of 80% N2 and 
20% CO2, whereas the cathodic reactors remain open to air. The elec
trode potentials were regulated by a SensorStat potentiostat (Uniscan 
Instruments Ltd, UK), which was connected to the electrodes via 0.1 mm 
silver foil (Chempur, Germany). The anodic potential was set at 0 V 
versus the standard hydrogen electrode. Chronoamperometry was used 
to continuously record current production at a fixed anodic potential, 
providing a suitable method for direct, non-disruptive monitoring of 
biofilm function during biofilm growth. Before inoculation, electrodes 
were sterilized with 70% (v/v) ethanol, and sterile growth medium was 
subsequently flushed through the system. Flow velocities of 0.2 and 0.8 
mm/s were investigated using flow rates of 4 and 16 ml/h, corre
sponding to shear rates of 0.5 and 2.2 s− 1 and shear stresses of 0.4 and 
1.7 mPa, respectively. As the medium composition was kept identical at 
both velocities, the 4-fold higher flow rate corresponds to a propor
tionally higher volumetric organic loading rate. These velocities were 
chosen as two defined reference points, 0.2 mm/s matching the prior 
coculture study by E. Klein et al. (2024a) on this platform and 0.8 mm/s 
a 4-fold increase, rather than as a graded dose–response series.

2.2. Strains and growth conditions

S. oneidensis MR-1 (wild type) and the mutant strain MR-1ΔbpfD, as 
well as G. sulfurreducens PCA, were pre-cultured in growth medium 
following the protocol described by E. Klein et al. (2024a). For coculture 
experiments, the overnight cultures of S. oneidensis and G. sulfurredu
cens were mixed in a ratio of 10:1 and adjusted to an optical density 
(OD600) of 4.0. This ratio was selected to ensure sufficient acetate pro
duction from lactate by S. oneidensis to support G. sulfurreducens 
growth. For single-culture experiments, inocula were prepared identi
cally and adjusted to an OD600 of 4. As shown in Supplementary Fig. S2, 
inoculation was done through the side port of the microfluidic reactor 
using a syringe pump (L160, Landgraf Laborsysteme HLL GmbH) at 2 
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mL/h for 2 h; at the same time, the medium flow was supplied at 2 mL/h 
through the front port using peristaltic pumps (Reglo ICC, ISMATEC 
Industry Solutions GmbH). After inoculation, the inoculum supply was 
stopped, and the medium flow rate was adjusted to the respective 
experimental flow rate of either 4 or 16 mL/h.

2.3. Transcriptomic analysis and stop-codon integration

RNA was isolated from anodic biofilm cocultures of S. oneidensis and 
G. sulfurreducens using the RNeasy PowerBiofilm kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s instructions. Library prep 
and Illumina sequencing were conducted by Eurofins Genomics 
(Ebersberg, Germany). A strand-specific library of cDNA was prepared 
and sequenced with a target of 50 million read pairs (2 × 150 bp) per 
sample. A biological triplicate was prepared for each experimental 
condition. All raw sequencing data can be accessed through NCBI via 
SRA accession PRJNA1444911. Stop codon integration was carried out 
using a CRISPR/dCas9 as previously described by Fritz et al. (2025) to 
generate targeted gene mutations. The primers, oligonucleotides, and 
plasmid used are provided in Supplementary Tables S1 and S2, and 
Supplementary Fig. S3.

2.4. Fluorescence in situ hybridization (FISH)

An automated FISH procedure was performed as previously 
described by E. Klein et al. (2024a). The probes SHEW227 (5′-[6-FAM]- 
AGC TAA TCC CAC CTA GGT WCA TC-3′) and GEO2 (5′-[Cyanine 3]- 
GAA GAC AGG AGG CCC GAA A-3′) were used for the detection of S. 
oneidensis and G. sulfurreducens, respectively. Images were acquired 
using a Nikon Ti2 spinning disk confocal microscope (Nikon Instruments 
Inc., Melville, NY, USA) equipped with a SoRa (Super-Resolution Airy) 
unit and a TIRF (Total Internal Reflection Fluorescence) module. The 
relative abundances of S. oneidensis and G. sulfurreducens were quan
tified using Fiji (ImageJ, version 2.1.0/1.53). For quantitative analysis, 
images were converted to 8-bit format and binarized using an appro
priate threshold (0–255).

2.5. Analytical methods and calculations

Biofilm mesostructure was characterized using optical coherence 
tomography (OCT) with a GANYMEDE-II spectral-domain system 
(Thorlabs GmbH, Dachau, Germany) equipped with an LSM04 objective. 
Imaging parameters followed the protocol described by Bauer et al. 
(2019). Acquired datasets were processed using ImageJ/FIJI software 
(version 2.1.0/1.53). Biomass was distinguished from background by 
applying an intensity threshold and binarizing the images, in which 
white pixels counted as biofilm and black pixels as background. Biofilm 
volume (biovolume) was calculated by correlating the number of image 
pixels with the respective voxel sizes (voxel dimensions of 4 × 4 × 2.14 
μm (x/y/z)). The height maps of the biofilm were generated using the 
image-processing routine developed by Wagner and Horn (2017). Bio
film porosity (%) was calculated by comparing the measured biofilm 
actual height (h) to the normalized height that is equally distributed 
over the anode surface area, according to Equation (1). Biomass was 
distinguished from void in the binarized OCT stack, with strongly 
backscattering signal classified as biofilm. The actual height (h_actual) is 
the average biofilm height referenced to the anode, and the normalized 
height (h_normalized) is the biovolume divided by the projected image 
area, that is the height the same biomass would occupy if distributed 
evenly across the electrode. As the biofilm is uneven, h_actual exceeds 
h_normalized, and porosity expresses the fraction of the occupied height 
envelope not filled by biomass, at the resolution of the OCT system. This 
height-based metric differs from the conventional volumetric void 
fraction and does not describe internal pore connectivity.

The current density (I) was calculated by dividing the measured 
current i (µA) by the projected surface area (SA; cm2) of the working 

electrode (Equation (2). The mean current density (̄I) over an experi
mental period was calculated by dividing the integrated current density 
(I) by the corresponding experimental time (t) (Equation (3). The rela
tive abundance and cell fraction (%) for each species were calculated 
using Equations (4) and (5), where Pwhitepixels,i is the number of white 
pixels corresponding to the respective species and 

∑
Pwhitepixels is the 

total number of white pixels assigned to both species. 

Porosity (%) =
hactual − hnormalized

hactual
× 100 (1) 

I =
i

SA
(2) 

Mean current density =

∫ t
0 Idt
t

(3) 

Relative abondance of cells =
Pwhite pixels,i

∑
Pwhite pixels

× 100 (4) 

Cell fraction =
Pwhite,i

∑
P (white+black pixels)

× 100 (5) 

Principal components analysis (PCA) was conducted, as a multivariate 
analysis tool, to study the impact of velocity dynamics on various per
formance parameters, i.e., biofilm volume, porosity, and current den
sity, using JMP 19 (Student Edition).

3. Results and discussion

3.1. Flow velocity shapes biofilm architecture–performance balance

A coculture of G. sulfurreducens and S. oneidensis was grown in 
microfluidic bioelectrochemical flow cells to investigate the influence of 
flow velocity on biofilm characteristics and current density. Biofilm 
development and current density were monitored over time at two flow 
velocities, 0.2 and 0.8 mm/s. The effect of flow velocity was evaluated 
over time, and both the time-course data and the corresponding mean 
current densities are shown in Fig. 1. Current density was recorded until 
a stable phase was reached under each condition, by day 8 at 0.2 mm/s 
and day 6 at 0.8 mm/s. For direct comparison over the same time 
window, Fig. 1 presents the overlapping period between both condi
tions, while the complete low-flow profile, which reached a stable phase 
by day 8, is shown in Fig. S4 (Supplementary). As shown in Fig. 1a, 
biofilms grown at a flow velocity of 0.8 mm/s initiated current pro
duction earlier and achieved a higher mean current density (86.3 µA/ 
cm2) compared to those grown at 0.2 mm/s (34.1 µA/cm2). Systems 
operated at 0.8 mm/s also achieved the current plateau earlier, by day 6. 
In contrast, biofilms formed at 0.2 mm/s exhibited slightly higher bio
volume (Fig. 1b) and significantly greater porosity (17.1%). Because the 
0.2 mm/s biofilms had already reached comparable or higher biovolume 
without comparable current output, we do not expect that longer 
operation alone would cause the current densities to converge. Biofilms 
grown at 0.8 mm/s were notably denser, with a porosity of only 5.3%, 
confirming the formation of thinner biofilms under this condition.

In the coculture studied here, S. oneidensis oxidizes lactate to acetate, 
which subsequently serves as a substrate for G. sulfurreducens. Under 
comparable porosity and external flow conditions, a thinner biofilm may 
reduce diffusion limitations for acetate, flavins, protons, and other me
tabolites within the biofilm, facilitating metabolite and electron ex
change between the two species, as reported by Jones and Buie (2019). 
In addition, excessive porosity may increase the separation between 
these two microorganisms and from the electrode (Pham et al., 2008; 
Yang et al., 2019). In summary, the lower flow velocity (0.2 mm/s) 
produced more porous biofilm structures and lower current densities, 
despite the slightly higher overall biovolume. Conversely, the higher 
flow rate (0.8 mm/s) produced denser biofilm architectures that 
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catalyzed significantly higher current densities. The inverse relationship 
between porosity and current density reflects the syntrophic nature of 
the system rather than classical bulk-substrate diffusion. While higher 
porosity may facilitate substrate transport from the bulk liquid, current 
production in this coculture depends mainly on close interspecies ex
change between S. oneidensis and G. sulfurreducens. Thus, the more 
porous biofilm formed at 0.2 mm/s likely increased interspecies dis
tances and weakened syntrophic coupling, whereas the denser biofilm 
formed at 0.8 mm/s favored local metabolite exchange and electron 
transfer, resulting in higher current densities.

The results are in agreement with previous studies. Thick biofilms 
were revealed to reduce electrochemical performance because of diffu
sion limitations and inactive biomass regions (Gomes and Mergulhão, 
2021), while elevated shear promotes compactness, increases biofilm 
density, and improves electrochemical performance (Kugaprasatham 
et al., 1992; Van Loosdrecht et al., 2002). These observations raised the 
question of whether the effect of flow velocity on biofilm structure is 
purely mechanical or whether higher flow velocity additionally triggers 
biological adaptations that alter cellular regulatory mechanisms gov
erning biofilm formation. To fundamentally address this question, we 
first reduced the complexity of the biofilm and repeated the experiment 
using a pure culture of G. sulfurreducens supplied with acetate as the 
carbon and electron source to elucidate whether both strains would be 
affected by flow velocity. Thereby, we eliminated the dependence on the 
catabolic activity of S. oneidensis.

Pure cultures of G. sulfurreducens exhibited a markedly different 
phenotype compared to the coculture. G. sulfurreducens showed minimal 
differences between the two flow velocities. Current density remained 
comparable at 0.2 and 0.8 mm/s. Similarly, biovolume and porosity 

showed minimal variation between the two conditions (Supplementary 
Fig. S6). The results are also in line with the findings of Jones (2018), 
which showed no significant changes in biofilm thickness and surface 
roughness for G. sulfurreducens at shear stress of 0.01 and 1 Pa. Although 
the applied shear stresses in the present study were substantially lower 
than those reported by them, their observation under different shear 
conditions is qualitatively consistent with the limited morphological 
response observed for G. sulfurreducens in our system.

Since G. sulfurreducens biofilm architecture appears intrinsically 
insensitive to the flow regimes tested, the hydrodynamic regulation of 
coculture biofilm structure is unlikely to originate from G. sulfurreducens 
and more likely involves S. oneidensis. A direct test using a S. oneidensis 
monoculture is not informative, since S. oneidensis alone generates very 
low current and forms a biofilm below the detection limit of OCT (E. 
Klein et al., 2024a). This attribution is instead consistent with the syn
trophic, lactate-based metabolism of the coculture, in which 
G. sulfurreducens relies on acetate supplied by S. oneidensis, so that 
S. oneidensis governs the substrate transfer that sustains current. Because 
the medium was identical at both velocities, G. sulfurreducens mono
culture experienced the same 4-fold increase in volumetric organic 
loading rate, yet its current density and biofilm structure did not change. 
This indicates that the main current producer was not loading-limited 
over this range, so the higher loading rate alone does not account for 
the velocity-dependent response of the coculture. It is examined directly 
in the following sections, where transcriptomic profiling and targeted 
gene deletion provide positive evidence that S. oneidensis mediates the 
response. This would imply that a species contributing only a minor 
share of the biomass and transcriptional output may nonetheless influ
ence the structural and functional properties of the entire community.

Fig. 1. Biofilm development and electrochemical performance of G. sulfurreducens–S. oneidensis MR-1 cocultures under flow velocities of 0.2 and 0.8 mm/s. (a) 
current density, (b) biovolume, and (c) porosity over time on the left side, with corresponding mean values on the right side. Statistical significance: * = p < 0.05; **=
p < 0.01.
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3.2. Response of developing coculture biofilms to flow velocity shift

If modulation of biofilm chemistry occurs in response to flow con
ditions, leading to different biofilm characteristics, this difference 
should be longer-lasting and not easily reversible by changes in flow 
velocity. To test this hypothesis, we grew coculture biofilms for four 
days in six independent microfluidic reactors under the higher flow rate 
of 0.8 mm/s, then switched three of the reactors to the lower flow rate of 
0.2 mm/s on day four. Fig. S7 (supplementary) shows the results of this 
analysis. Reducing the flow velocity from 0.8 to 0.2 mm/s resulted in 
only minor changes compared to biofilms grown at a constant 0.8 mm/s. 
In Phase 2, mean current density slightly decreased from 185.2 to 157.1 
µA/cm2, biovolume changed only slightly from 5.4 to 5.0 mm3/cm2, and 
porosity increased modestly from 9.1 to 10.4%. Data acquisition 
continued until the current reached a steady state in either of the tested 
conditions, which defined the experimental endpoint, so that the anal
ysis reflects biofilm responses during the growth phase rather than long- 
term behaviour. Within this window, the biofilms retained the low- 
porosity architecture established under high flow rather than reverting 
toward the constant low-flow phenotype, although the modest rise in 
porosity indicates that further structural changes beyond this window 
cannot be excluded. Moreover, the comparable current density and 
biovolume observed after reducing the flow velocity, suggest that 
substrate-flux limitation alone was not the dominant driver of the 
observed biofilm response in Fig. 1.

At this point in the experimental series, we knew that only coculture 
biofilms of S. oneidensis and G. sulfurreducens were affected by flow- 
velocity modulation, whereas G. sulfurreducens pure cultures did not 
show a similar pattern. Moreover, the persistent structure and 

functionality of the two-species biofilm after a switch in flow rate 
pointed toward a regulatory program changing biofilm matrix compo
sition rather than toward solely flow-velocity-dependent compression of 
the biofilm. Nevertheless, it was also possible that time frame after the 
flow rate switch was insufficient for biofilm rearrangements to occur. 
Therefore, we conducted the experiment in reverse, starting with a low 
flow rate in six individual microfluidic BES reactors and then switching 
to a higher flow velocity after four days in three of the reactors. The 
results are depicted in Fig. 2. When the flow velocity increased from 0.2 
to 0.8 mm/s, biofilms responded differently compared to those main
tained at constant low flow (0.2 mm/s). After the shift, the mean current 
density rose to 151.3 µA/cm2, significantly higher than the 98.1 µA/cm2 

observed under constant low flow. Biovolume, however, was lower in 
the shifted condition, reaching only 2.4 mm3/cm2, compared to 9.1  
mm3/cm2 under constant low flow. Porosity also decreased substantially 
from 30.3% to 9.7%, indicating a denser biofilm.

In summary, the experimental duration was clearly sufficient to 
cause a change in biofilm structure and functionality. Within four days, 
both biofilm characteristics began to diverge progressively, with lower 
porosity and higher current density emerging as hallmarks of biofilms 
after the switch to a higher flow rate (Fig. 2). To better visualize the 
relationships among biofilm volume, porosity, and current density 
under all tested conditions, PCA was conducted separately after the first 
and second phases (Supplementary Fig. S8). In both analyses, PC1 and 
PC2 together explained more than 99% of the total variance. After the 
first phase, clear clustering according to the two flow velocities was 
observed. After the second phase, the conditions involving changes from 
0.8 to 0.2 mm/s and from 0.2 to 0.8 mm/s clustered together with the 
constant 0.8 mm/s condition and were distinct from the constant 0.2 

Fig. 2. Effect of flow velocity (constant 0.2 mm/s versus varied velocity from 0.2 to 0.8 mm/s) on G. sulfurreducens–S. oneidensis coculture biofilms. (a) current 
density, (b) biovolume, and (c) porosity over time on the left side, with corresponding mean values on the right side. Statistical significance: *= p < 0.05; **=p 
< 0.01.
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mm/s condition. In addition, the corresponding loading plots highlight a 
shift in the relationship between biofilm volume and current density: it 
was positive after the first phase (early biofilm) and became negative 
after the second phase.

3.3. Transcriptomic evidence for gene-regulated response to 
hydrodynamic stress

As evidence from the previous experiments pointed towards a reg
ulatory response of foremost S. oneidensis cells to shear stress, a tran
scriptomic analysis was performed on coculture biofilms cultivated at 
constant flow velocities of 0.2 and 0.8 mm/s. The relative transcrip
tional activity was compared between the two flows at days 4 and 6 or 8, 
correlating with active biofilm growth and steady state conditions, 
respectively. G. sulfurreducens was the dominant contributor to tran
scriptomic reads under all conditions, showing only a slight decrease in 
activity at higher flow rates and steady state. In contrast, S. oneidensis 
exhibited a strong flow-dependent response, with low and declining 
activity at 0.2 mm/s but increased gene expression at 0.8 mm/s 
(Table S3, supplementary). These results indicate that while 
G. sulfurreducens kept having the by far dominant relative gene expres
sions across hydrodynamic regimes, the S. oneidensis transcriptomic 
activity had more relative sensitivity to flow dynamics and increased 
relatively to G. sulfurreducens when increasing flow velocity, suggesting 
that transcriptional regulation by this species plays a key role in the 
observed flow-dependent biofilm behavior. The increased relative gene 
expression of S. oneidensis at higher flow velocity (0.8 mm/s) likely 
supports an induced adaptive regulatory response, either to shear stress 
or to an increased metabolic rate resulting from lower mass transfer 
limitation, as previously suggested by Jones and Buie (2019).

Not only did overall transcriptomic activity change due to increased 
flow velocity, but also the expression of individual genes after 4 days for 
biofilms grown under flow velocities of 0.2 and 0.8 mm/s. This phase 
also corresponds to the stage when strain-specific differences in biofilm 
formation were most evident. A total of 83 genes showed differential 
expression between biofilms grown under 0.2 mm/s and 0.8 mm/s, with 
98.6% belonging to S. oneidensis (Supplementary Table S4 and Fig. S9). 
These results again emphasize the stronger transcriptional response of 
S. oneidensis to increases in flow conditions during the early stages of 
biofilm development. The eight S. oneidensis genes exhibiting the highest 
significant expression differences (p < 0.1, fold change > 5) between the 
two applied flow velocities are shown in Table 1. The threshold of p <
0.1 was chosen as the relative number of reads for S. oneidensis in the 
coculture was rather low (0.8 to 4.1%) and a more restrictive filtering 
substantially reduced the candidate gene pool. Meanwhile, the resulting 
list served as a screening step to identify a target for genomic mutation, 
and the gene ultimately selected, bpfD, met a more stringent significance 
level.

Cyclic-di-GMP was in many organisms, including S. oneidensis, 

revealed to be a major regulatory contributor to biofilm development 
(Chao et al., 2013; Thormann et al., 2006). Among the top differentially 
expressed genes, SO_4323, which encodes the EAL domain-containing 
protein (i.e., bpfD), and SO_3759, encoding a sensor-domain diguany
late cyclase (i.e., dgc), exhibited opposite transcriptional responses to 
flow velocity and both interact with cyclic-di-GMP. Comparing expres
sion levels of biofilms grown at 0.8 mm/s with those at 0.2 mm/s, bpfD 
expression was strongly upregulated (+10.67-fold), whereas dgc 
expression was markedly downregulated (–8.67-fold). To understand 
the potential contribution of these two genes’ regulations, it was pre
viously discussed that the EAL-domain in BpfD was revealed to be in fact 
not catalytically active in cyclic-di-GMP hydrolysis but a binding 
domain leading via several steps to BpfA exposure to the cell surface, 
where this protein connects cells with each other (Zhou et al., 2015). In 
addition, Zhou et al. (2015) found that BpfD is likely responsible for 
BpfA (which is responsible for cell–cell connections) release and export 
to the cell surface in an interplay with BpfG, and its deletion caused 
strong defects in biofilm formation in pure cultures of S. oneidensis. 
Hence, we hypothesize that the coordinated regulation of bpfD and dgc 
likely contributes to the change in biofilm structure and efficiency, 
particularly the S. oneidensis fraction, in response to flow velocity, 
thereby optimizing the coculture biofilm performance. Notably, bpfD 
was selected for targeted deletion because it was among the most 
strongly flow-responsive genes in our transcriptomic data, rather than 
because of its general role in biofilm formation. The deletion strain was 
then tested under both flow conditions to assess whether the functional 
impact of bpfD on biofilm architecture and current differs with the hy
drodynamic regime. As it was not possible to overexpress dgc using a 
plasmid system, as this would necessitate antibiotic selection pressure 
that would lead to G. sulfurreducens death, we decided to study biofilm 
development in a clean bpfD deletion strain.

Additionally, it is noteworthy that several of the differentially 
expressed genes can be linked with previous works from our research 
group, i.e., Edel et al. (2021) and Klein et al. (2025). For instance, the 
upregulated expression of SO_3271, an UDP-N-acetylglucosamine 4,6- 
dehydratase, and SO_3191, a Wzz/FepE/Etk N-terminal domain- 
containing protein, aligns with the polysaccharide changes by over
expression of WbpA (UDP-N-acetyl-D-glucosamine 6-dehydrogenase) 
and WbpP (UDP-N-acetyl-D-glucosamine 6-dehydrogenase) and their 
impact on biofilm architecture and current production. Upregulation of 
SO_3271 promotes GlcNAc modification for flagella and capsule 
branches. Likewise, elevated SO_3191 extends O-antigen chains, 
enhancing envelope rigidity; this activation, alongside upregulated 
precursors (WbpP, RmlA), might direct resources toward expanded 
polysaccharide matrices, strengthening adhesion and structural integ
rity for improved electroactivity (Klein et al., 2025; Kolker et al., 2005; 
Kouzuma et al., 2010).

3.4. Role of candidate gene SO_4323 (bpfD) in biofilm response to flow 
velocity

Results are presented for the 0.8 → 0.2 mm/s flow velocity transition 
in Fig. 3, and for the 0.2 → 0.8 mm/s flow velocity transition in Fig. 4. 
Cocultures with MR-1ΔbpfD produce significantly lower current den
sities compared to those with wild-type S. oneidensis MR-1. In Phase 1, 
the mutant produced a mean current density of 5.2 µA/cm2, approxi
mately 7.5 times lower than the wild type (39.5 µA/cm2). In Phase 2, 
this difference remained substantial, with the mutant reaching 38.5 µA/ 
cm2 compared to 157.1 µA/cm2 for the wild type. Despite the reduced 
electrochemical activity, the mutant formed biofilms with higher bio
volume, 2.8 mm3/cm2 vs. 1.8 mm3/cm2 in Phase 1, and 8.6 mm3/cm2 

vs. 5.0 mm3/cm2 in Phase 2. Porosity was also higher in the mutant, 
with values of 6.7% compared to 4.4% in Phase 1, and 19.3% compared 
to 10.2% in Phase 2. Interestingly, while the wild type seemed to keep 
biovolume and porosity almost constant after the switch to 0.2 mm/s, 
the mutant constantly increased biovolume and porosity. The biofilm 

Table 1 
List of the highest differentially expressed genes, with p-value below 0.1, iden
tified in the coculture biofilm when subjected to different flow velocities.

Name Function Fold 
change

p- 
value

SO_2005 TraR/DksA C4-type zinc finger protein − 13.68 0.09
SO_3759 Sensor domain-containing diguanylate 

cyclase (dgc)
¡8.67 0.08

SO_3960 LPS export ABC transporter ATP-binding 
protein

− 5.09 0.06

SO_3271 UDP-N-acetylglucosamine 4,6-dehydratase 
(inverting)

10.66 0.03

SO_4323 EAL domain-containing protein (bpfD) 10.67 0.03
SO_1531 tRNA uracil 4-sulfurtransferase ThiI 11.33 0.02
SO_2956 phage tail tube protein 11.77 0.002
SO_3191 Wzz/FepE/Etk N-terminal domain-containing 

protein
13.16 0.05
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heightmaps of both cocultured biofilms additionally emphasize this 
difference (Supplementary Fig. S10).

As the biovolume was similar at the end of phase 1, but the current 
density was lower by the mutant, it might be the case that less active 
cells and higher EPS content contributed to the observed biovolume. 
Less conductive EPS content has been reported to negatively influence 
the electroactivity of S. oneidensis biofilms (Gao et al., 2019; Mahto and 
Das, 2022). For example, biofilms with a lower EPS-to-protein ratio have 
been associated with increased current output in this microorganism 
(Gao et al., 2019; Kitayama et al., 2017). Although the ΔbpfD mutant 
formed biofilms with higher porosity, particularly after phase 2, no 
significant difference in porosity was observed after phase 1. Under 
initial high shear stress, the mutant biofilm appeared unable to compact 
or reinforce its matrix after the transition to lower flow velocity, 
resulting in a bulky and poorly conductive structure. Despite similar 
biovolume and porosity after phase 1, the observed differences in cur
rent density indicate that biofilm structure, while important, is not the 
sole determinant of electrochemical performance.

Fig. 4 shows the response of cocultures to an increase in flow velocity 
from 0.2 to 0.8 mm/s. In phase 1, the wild-type coculture reached a 
mean current density of 14.3 µA/cm2, while the bpfD mutant reached 3.1 
µA/cm2. In phase 2, current densities increased to 151.3 µA/cm2 for the 
wild type and 81.1 µA/cm2 for the mutant. Biovolume remained com
parable between cocultures in both phases, with 1.1 and 1.0 mm3/cm2 

in phase 1, and 2.4 and 2.3 mm3/cm2 in phase 2 for the wild type and 
mutant, respectively. The corresponding biofilm heightmaps are shown 

in Supplementary Fig. S11. As shown in Fig. 4c, porosity was similar in 
Phase 1 (12.5% and 14.7%), but in phase 2, the mutant biofilms showed 
a much higher mean porosity of 32.9% compared with 9.7% for the wild 
type. It is noteworthy that porosity significantly differed between wild 
type and mutant in phase 2 which, based on our transcriptomic analysis, 
supports the potential role of increased bpfD expression on achieving 
denser biofilm. Although whole-genome sequencing was not performed, 
previous deep-sequencing analyses of the Target-AID platform in our 
laboratory did not detect off-target events, and the intended premature 
stop codon was confirmed by Sanger sequencing. Given that bpfD was 
strongly regulated and that the observed phenotype was consistent with 
its predicted biofilm-related function, we consider it unlikely that the 
effect resulted from a random background mutation.

Altogether, in coculture biofilms, the mutant consistently exhibited 
lower current densities than the wild-type. This electrochemical 
impairment occurred regardless of the specific flow velocities applied or 
the resulting variations in total biofilm volume. Because the mutant and 
wild type were compared under matched flow conditions, this difference 
cannot be attributed to shear or mass-transfer effects, and instead re
flects a gene-dependent contribution to the response. Meanwhile, the 
reduction in current production is likely attributed to the structural 
properties of the mutant biofilm matrix. Planktonic growth assays of 
S. oneidensis showed no significant differences between the mutant and 
wild-type strains (Supplementary Fig. S12), indicating that the bpfD 
deletion does not affect basic cell viability. Hence, we hypothesize that 
the deletion of bpfD resulted in reduced cell–cell/cell-surface 

Fig. 3. Effect of decreasing flow velocity from 0.8 to 0.2 mm/s on electrochemical performance and biofilm structure in cocultures. Biofilms of G. sulfurreducens– S. 
oneidensis MR-1 and G. sulfurreducens–MR-1ΔbpfD were compared under identical flow conditions: Phase 1 (0.8 mm/s) and Phase 2 (0.2 mm/s). (a) current density, 
(b) biovolume, and (c) porosity over time on the left side, with corresponding mean values on the right side. Statistical significance: *= p < 0.05; **= p < 0.01.
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concentrations of the BpfA connector, leading to increased biofilm 
porosity, possibly combined with overproduction of less-conductive EPS 
(this can additionally lead to an overestimated effective biofilm volume 
by means of OCT). Such structural changes would be expected to 
decrease the effective conductivity of the biofilm and increase the 
spatial separation between syntrophic cells, potentially limiting the ef
ficiency of interspecies electron and metabolite transfer (Jadhav et al., 
2019; E. Klein et al., 2024b; Lin et al., 2017; Matsumoto et al., 2021; 
Thormann et al., 2006). This interpretation is consistent with the 
biofilm-electroactivity values (i.e., mean current generated per unit 
biofilm volume (µA/cm3); Supplementary Fig. S13), which were 
significantly lower in the mutant biofilms; additionally, the lower 
electroactivity of mutant biofilm at 0.8 → 0.2 mm/s compared with 0.2 
→ 0.8 mm/s suggests a higher necessity for robust adhesion/conduc
tivity at elevated shearing force. These observations align with previous 
microfluidic studies of S. oneidensis pure cultures, where bpfA over
expression or specific mutations (e.g., bpfG C116S) led to increased 
adhesion and higher current densities (E. M. Klein et al., 2024b).

3.5. Cells distribution within the bpfD mutant biofilm

Spatial distribution and relative abundance of cells were analyzed by 
FISH combined with confocal laser scanning microscopy (CLSM) on 
mature coculture biofilms of G. sulfurreducens and MR-1ΔbpfD grown at 
the end of the experiment, where velocity changed from 0.8 to 0.2 mm/s 
(Fig. 5a–c and Supplementary Fig. S14). Quantification was performed 
by pixel-based analysis of binarized CLSM images using FISH signal 

intensity, which correlates with ribosome abundance. The relative 
abundance of G. sulfurreducens increased with biofilm depth (Fig. 5a). In 
contrast, S. oneidensis decreased and was mainly detected in the outer 
biofilm regions, as also illustrated in the 3D image (Fig. 5c). The upper 
biofilm layers (0 to − 5 μm) show an approximately similar distribution 
of both organisms. With increasing proximity to the anode, this balance 
shifted toward G. sulfurreducens. Thus, the final steps of electron transfer 
are likely dominated by G. sulfurreducens. The relative abundance of 
S. oneidensis measured here by FISH, from approximately 50% in the 
outer layers to 30–35% near the anode, reflects cell presence in the 
upper biofilm and should not be read as its share of community tran
scriptional activity. Cells represented only ~ 16–30% of the total imaged 
volume across all depths (Fig. 5b). This indicates that most of the biofilm 
volume is non-cellular, consisting of EPS and water-filled voids, which is 
in line with the low-conductivity, EPS-rich matrix inferred for the 
mutant. This is consistent with the OCT-derived porosity of ~ 22.1% in 
mature biofilm, which corresponds to water-filled voids. Together, the 
cell fraction and porosity account for less than two-thirds of the total 
biofilm volume, with the remainder attributable to EPS matrix, consis
tent with EPS constituting the dominant volume fraction of bacterial 
biofilms (Flemming, 2016).

The relative abundance of G. sulfurreducens compared to S. oneidensis 
near the anode surface was less than that reported by E. Klein et al. 
(2024a) for wild-type cocultures (65% and 35% vs 88% and 12%). 
This wild-type reference was obtained in the same laboratory using the 
same microfluidic system, wild-type strains, and FISH analysis proced
ure as the present study, with both biofilms analyzed at the end of the 

Fig. 4. Effect of increasing flow velocity from 0.2 to 0.8 mm/s on electrochemical performance and biofilm structure in cocultures. Biofilms of G. sulfurreducens–S. 
oneidensis MR-1 and G. sulfurreducens– MR-1ΔbpfD were compared under identical flow conditions: Phase 1 (0.2 mm/s) and Phase 2 (0.8 mm/s). (a) current density, 
(b) biovolume, and (c) porosity over time on the left side with corresponding mean values on the right side. Statistical significance: *= p < 0.05; **=p < 0.01.
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experiment under a flow velocity of 0.2 mm/s. The two biofilms were 
exposed to different preceding flow conditions, however, as the present 
mutant was switched from 0.8 to 0.2 mm/s whereas the earlier wild type 
was maintained at a constant 0.2 mm/s, so this comparison serves as a 
same-platform reference rather than a fully matched control. Their study 
experienced dense, spatially organized biofilms with interconnected 
conductive networks, whereas the here studied mutant strain biofilms 
were more porous, less structured and exhibited a low cell fraction. 
Despite enrichment of G. sulfurreducens near the electrode, efficient 
current generation requires close spatial association between 
G. sulfurreducens and S. oneidensis to ensure sufficient acetate avail
ability, especially in flow-through setups. This supports the hypothesis 
that, in mutant biofilms, lactate diffusion and corresponding electron 
delivery to electrode-proximal cells are likely limited by a thick, porous 
and poorly conductive upper layer, ultimately resulting in less acetate 
availability as well as unfavorable biofilm structure for G. sulfurreducens. 
In other words, the impaired biofilm-forming capacity of MR-1ΔbpfD 
likely promotes a heterogeneous structure and contributes to the low 
current density. The present study, however, does not resolve the 
biochemical mechanism linking bpfD regulation to current production at 
the molecular level. Direct analyses of EPS composition, BpfA localiza
tion, c-di-GMP levels, and flavin production would be needed to estab
lish this link.

These results indicate that syntrophic electroactive biofilm responses 
to hydrodynamic perturbation include a gene-regulatory component 
that operates alongside the physical contributions of shear, substrate 
delivery, metabolite removal, boundary-layer thickness, and local mass 
transport. The deletion shows that bpfD is functionally important for 
biofilm structure and current, while its flow-dependent expression 
shows that the gene responds to flow. Together, the genetic and tran
scriptomic observations support a flow-regulated role, which neither 
would establish alone. In this two-species system, S. oneidensis shapes 

the spatial organization, conductivity, and current-generating capacity 
of the community through bpfD-dependent regulation of cell–cell con
nectivity, despite its minor share of transcriptional activity and of direct 
current production. This indicates that, in syntrophic electroactive 
biofilms, gene regulation by a less active partner can be an important 
factor for community-level performance.

4. Conclusions

This study shows that the architecture and electrochemical perfor
mance of syntrophic electroactive biofilms are governed not only by 
passive mechanical compression under flow, but also by an active, gene- 
regulated response to hydrodynamic shear. Importantly, while G. sul
furreducens monocultures were largely insensitive to the tested flow 
regimes, the S. oneidensis and G. sulfurreducens coculture exhibited 
pronounced velocity-dependent shifts in biofilm volume, porosity, and 
current output. This contrast highlights flow velocity as an important 
operational parameter in the investigated syntrophic model system. 
Transcriptomic profiling and targeted inactivation of bpfD identified S. 
oneidensis as a key contributor to biofilm architecture, whose shear- 
responsive regulation of cell–cell connectivity shapes community-level 
conductivity despite its minor contribution to transcriptional activity. 
These findings suggest that, in multispecies electroactive biofilms, the 
physiological response of non-Geobacter partners can influence overall 
biofilm performance. Accordingly, BESs designed to valorize substrates 
beyond acetate, such as lactate, glycerol, or other complex carbon 
sources requiring upstream fermentative or oxidative partners, may 
benefit from optimization strategies that also consider hydrodynamic 
conditions and partner-specific regulatory responses. Future studies 
using additional cocultures, flow conditions, and reactor configurations 
will be important to evaluate how broadly these principles apply to 
electroactive biofilm engineering.

Fig. 5. Spatially resolved fluorescence in situ hybridization (FISH) analysis of G. sulfurreducens and S. oneidensis MR-1 ΔbpfD biofilms. The analysis was performed on 
a single mature biofilm sampled at the end of the experiment, in which the flow velocity was changed from 0.8 mm/s (Phase 1) to 0.2 mm/s (Phase 2). (a) The plotted 
ratio of the two species over biofilm depth, expressed as relative abundance between the two species. Here, 0 µm represents the outer biofilm layer, and increasing 
depth corresponds to closer proximity to the anode. (b) The cell fraction in the biofilm, expressed as a proportion of total imaged volume including non-cellular space. 
(c) An exemplary three-dimensional perspective of the biofilm.
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