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Prophages are ubiquitous elements within bacterial chromosomes and affect host physiology and ecology in multiple ways. We
have previously demonstrated that phage-induced lysis is required for extracellular DNA (eDNA) release and normal biofilm
formation in Shewanella oneidensis MR-1. Here, we investigated the regulatory mechanisms of prophage �So spatiotemporal
induction in biofilms. To this end, we used a functional fluorescence fusion to monitor �So activation in various mutant back-
grounds and in response to different physiological conditions. �So induction occurred mainly in a subpopulation of filamentous
cells in a strictly RecA-dependent manner, implicating oxidative stress-induced DNA damage as the major trigger. Accordingly,
mutants affected in the oxidative stress response (�oxyR) or iron homeostasis (�fur) displayed drastically increased levels of
phage induction and abnormal biofilm formation, while planktonic cells were not or only marginally affected. To further inves-
tigate the role of oxidative stress, we performed a mutant screen and identified two independent amino acid substitutions in
OxyR (T104N and L197P) that suppress induction of �So by hydrogen peroxide (H2O2). However, �So induction was not sup-
pressed in biofilms formed by both mutants, suggesting a minor role of intracellular H2O2 in this process. In contrast, addition
of iron to biofilms strongly enhanced �So induction and eDNA release, while both processes were significantly suppressed at low
iron levels, strongly indicating that iron is the limiting factor. We conclude that uptake of iron during biofilm formation triggers
�So-mediated lysis of a subpopulation of cells, likely by an increase in iron-mediated DNA damage sensed by RecA.

For the majority of bacteria, the predominant natural lifestyle is
assumed to be within surface-associated communities en-

closed in self-produced hydrated polymeric matrices, which are
commonly referred to as biofilms (1). In comparison to the plank-
tonic lifestyle, biofilm formation provides important advantages,
such as elevated concentrations of nutrients in proximity to abi-
otic surfaces, enhanced genetic exchange, and increased tolerance
toward antimicrobial agents, biocides, and host immune re-
sponses. Furthermore, living in biofilms protects cells from envi-
ronmental perturbations causing physical stress, such as drought,
UV light, pH gradients, and oxidative stress (2). The integrity and
stability of biofilms depends on direct cell-cell and cell-surface
interactions and on the extracellular matrix composed of extracel-
lular polymeric substances (EPS), a complex mixture of diverse
exopolysaccharides, proteins (including cell appendages such as
fimbriae, pili, and flagella), lipids, and extracellular DNA (eDNA)
(3). eDNA was initially thought to be mainly residual debris of
lysed cells; however, a number of recent studies clearly showed
that this compound constitutes an important structural compo-
nent of the biofilm matrix for many bacterial species (4–10). Ad-
ditionally, eDNA can serve as a source of phosphorus, carbon, and
nitrogen (11, 12), provide a genetic pool for horizontal gene trans-
fer (13), exhibit antimicrobial activity (14), induce antibiotic re-
sistance (14, 15), and facilitate twitching motility-mediated bio-
film expansion (16). The origin of eDNA in biofilms has been a
focus of numerous studies. So far, three different mechanisms that
may allow DNA to be released from bacteria and to accumulate in
the biofilm environment have been described: vesiculation (17,
18), secretion (19–21), and cell lysis, which may be the most com-
mon source of eDNA in natural environments (5, 6, 22, 23).

As one common mechanism, bacterial cell lysis may occur
through induction of prophages, which, either functional or cryp-
tic, often reside stably in bacterial genomes and constitute sub-

stantial amounts of bacterial DNA. About 60 to 70% of all se-
quenced genomes contain prophages (reviewed in reference 24);
however, despite this substantial abundance, little is known about
their implication in host physiology and ecology. The presence of
prophages can provide the host with fitness advantages such as
increased growth rates, virulence, and resistance against antibiot-
ics and environmental stress factors (25, 26). A number of studies
on both Gram-positive and Gram-negative species have demon-
strated the impact of prophages on biofilm development and cell
lysis-mediated eDNA release (9, 27–33). However, environmental
signals and molecular mechanisms that control prophage induc-
tion/excision under biofilm conditions remain elusive for most
species. The fact that most prophages in environmental isolates
are inducible by DNA-damaging agents (24, 34–37) indicates the
existence of common physiological and molecular principles for
the control of prophage induction, which might also apply during
biofilm growth of the corresponding host bacteria.

We have recently investigated the role of prophage-induced
lysis for biofilm formation of Shewanella oneidensis MR-1, a
Gram-negative facultatively anaerobic gammaproteobacterium.
Members of this genus are often recognized for their capacity to
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utilize a broad variety of inorganic and organic compounds as
alternative terminal electron acceptors under anaerobic condi-
tions. S. oneidensis MR-1 harbors three prophages, LambdaSo
(�So), MuSo1, and MuSo2, of which �So and MuSo2 are capable
of forming infectious particles. Particularly, �So contributes to
cell lysis and eDNA accumulation under biofilm conditions, and
accordingly, deletion of the �So prophage results in strongly im-
paired biofilm formation of MR-1 (9).

In this study, we aimed to identify the molecular mechanisms
and biofilm-specific signals that underlie �So prophage induction
and cell lysis in S. oneidensis MR-1 biofilms. To monitor the spa-
tiotemporal induction of prophage �So under hydrodynamic bio-
film conditions at the single-cell level, we constructed a reporter
strain harboring a transcriptional fusion of the putative regulator
of early �So gene transcription (Cro) and the yellow fluorescent
protein Venus (38). Using that strain, we characterized �So pro-
phage induction in various genetic backgrounds under different
environmental conditions. Our results indicate that colonization
of surfaces implies a conflict between high requirements for iron,
iron-mediated DNA stress, prophage-induced lysis, and release of
biofilm-promoting factors such as eDNA. We show that tight reg-
ulation of these partially antagonistic factors is required for suc-
cessful biofilm formation.

MATERIALS AND METHODS
Growth conditions and media. The bacterial strains and plasmids used in
this study are summarized in Table S1 in the supplemental material. Esch-
erichia coli and S. oneidensis strains were routinely grown as described
earlier (9). Biofilms of S. oneidensis were cultivated under hydrodynamic
or static conditions in LM medium containing 0.5 mM or 15 mM lactate,
respectively. FeCl2 (Merck, Darmstadt, Germany) or desferrioxamine
(DFO; Sigma-Aldrich, Steinheim, Germany) was added to the medium at
a final concentration of 20 �M when indicated. To artificially induce
prophage expression and production, cells were either exposed to 1,200
J/m2 UVC radiation at 254 nm (39) or to mitomycin C (Carl-Roth,
Karlsruhe, Germany) at a final concentration of 10 �g ml�1. To induce
superoxide generation, planktonic cells were cultivated in LM medium
until mid-logarithmic phase and then incubated with paraquat (methyl
viologen dichloride hydrate; Sigma-Aldrich, Steinheim, Germany) at a
final concentration of 0.2 or 1 mM (40).

Vector and strain constructions. Cloning of DNA fragments was car-
ried out according to standard protocols (41) using appropriate kits
(VWR International GmbH, Darmstadt, Germany) and enzymes (New
England BioLabs, Frankfurt, Germany; Fermentas, St Leon-Rot, Ger-
many). S. oneidensis MR-1 strains constitutively expressing egfp or ecfp
were constructed by using a modified Tn7 delivery system (9). In-frame
deletions into S. oneidensis MR-1 were introduced essentially as reported
earlier (42) using the suicide vector pNTPS-138-R6K and appropriate
primer pairs (see Table S2 in the supplemental material). In-frame dele-
tion mutants were complemented by reinsertion of the corresponding
wild-type gene copy into the native locus (see Fig. S1 in the supplemental
material). This was also possible for the �recA mutant, likely enabled by
ectopic recA expression from the reintegration vector. Genome-inte-
grated transcriptional fusions to venus were constructed in a similar man-
ner, using pXVENC-2 as the template for the venus coding sequence and
pNPTS-138-R6K for markerless insertion downstream of each gene of
interest. An optimal ribosomal binding site (AGGAGGNNNNNN) was
inserted upstream of each start codon (see Table S1 in the supplemental
material). For plasmid-based promoter fusion studies, vector pBBR1-
MCS5-TT-RBS-venus was constructed using pBBR1-MCS5-TT and
pXVENC-2 as the template. A ribosomal binding site was inserted as
elaborated above. Putative promoter regions were cloned into the multi-

ple cloning site, and the resulting plasmid was introduced into S. oneiden-
sis MR-1 by conjugation.

Total RNA extraction and RT-PCR. For operon mapping of the pu-
tative lysis operon of prophage LambdaSo, total RNA was extracted from
S. oneidensis MR-1 cells by using a hot-phenol method (43) as described
previously (9). To induce transcription of the putative lysis operon, expo-
nentially growing planktonic cultures were incubated with mitomycin C
for 2 h, harvested by centrifugation (1 min at 13,000 � g and 4°C), and
stored in liquid nitrogen. Residual contaminating DNA was removed by
using the Turbo DNA-free kit (Applied Biosystems, Darmstadt, Ger-
many) according to the manufacturer’s instructions. The quality of the
RNA was determined by agarose gel electrophoresis. The extracted total
RNA was then applied as the template for random-primed first-strand
cDNA synthesis using BioScript reverse transcriptase (RT; Bioline, Luck-
enwalde, Germany) according to the manufacturer’s instructions.
Operon mapping was carried out by PCR using the resulting cDNA as the
template and appropriate primer pairs bracketing the gaps between the
genes that were analyzed. A corresponding total RNA sample taken prior
to the reverse transcriptase reaction served as a negative control, and chro-
mosomal DNA served as a positive control. The PCR products were ana-
lyzed by 2% agarose gel electrophoresis.

qPCR. S. oneidensis MR-1 cultures were grown in LB medium at 30°C
to an optical density at 600 nm (OD600) of approximately 1 and exposed to
2 mM H2O2 for 15 min. Directly before and after the H2O2 treatment, cells
were harvested by centrifugation (1 min at 13,000 � g and 4°C) and stored
immediately in liquid nitrogen. Total RNA extraction and cDNA synthe-
sis were carried out essentially as described for RT-PCR. The cDNA was
used as a template for quantitative real-time RT-PCR (qPCR; C1000
Thermal Cycler with the CFX96 Real-Time System; Bio-Rad Laboratories
GmbH, Munich, Germany) by using the Sybr green detection system,
MicroAmp Optical 96-well reaction plates, and Optica adhesive covers
(Applied Biosystems Deutschland GmbH, Darmstadt, Germany). Prim-
ers used to determine the expression of the corresponding genes are sum-
marized in Table S2 in the supplemental material. The cycle threshold
(CT) was determined automatically by use of Real-Time CFX Manager 2.1
software (Bio-Rad Laboratories GmbH) after 40 cycles. All CT values were
normalized separately to CT values obtained for the 16S rRNA and recA
(SO_3430) genes of each sample. Primer efficiencies and relative expres-
sion values were determined according to Pfaffl (44). Each strain was
assayed in biological duplicates in two independent experiments.

�-Galactosidase activity in culture supernatants. Extracellular �-ga-
lactosidase activity of culture supernatants was determined as previously
described (45). Exponentially growing planktonic cultures of S. oneidensis
MR-1 were incubated with mitomycin C for 3 h. All strains harbored
plasmid pME6031-PmotB-lacZ for constitutive cytoplasmic expression of
�-galactosidase. To obtain cell-free supernatant, the samples were centri-
fuged at 2,500 � g for 5 min and subsequently filtered (0.2-�m filter).
�-Galactosidase assays on supernatants were carried out in reaction tubes
at 30°C according to standard protocols (46). The �-galactosidase activity
was normalized to the OD600 of the culture prior to incubation with mi-
tomycin C. Lysis assays were conducted in triplicate in at least two inde-
pendent experiments.

Time-lapse analysis of phage-induced lysis. Exponentially growing
cultures of strain S2391 were exposed to UVC light and incubated at 30°C
with agitation for 3 h. A 4-�l volume of propidium iodide (Sigma-Al-
drich, Steinheim, Germany) stock solution (1 mg ml�1) was added on top
of agar pads and incubated for several minutes to be completely absorbed
into the agar. Subsequently, 4 �l of the cell suspension (OD600, 0.5) was
placed on the same agar pad (1% agarose in phosphate-buffered saline
[PBS], 137 mM NaCl, 2.7 mM KCl, 6.6 mM Na2HPO4, 1.8 mM KH2PO4)
and analyzed by fluorescence microscopy at 10-min intervals using an
Axio Imager.M1 microscope (Zeiss, Wetzlar, Germany) equipped with a
Zeiss Plan Apochromate 100�/1.4 differential interference contrast mi-
croscopy (DIC) objective.
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Determination of cell length. Exponentially growing planktonic cul-
tures of S. oneidensis MR-1 were incubated with mitomycin C at a final
concentration of 10 �g ml�1 for 4 h. All cell suspensions were adjusted to
an OD600 of 0.5, and 4 �l of each suspension was placed on an agar pad.
Image acquisition was carried out by DIC using a Leica DMI6000B mi-
croscope equipped with a Leica HCX PlanApo 100�/1.4 to 0.7 oil objec-
tive. Cell lengths were determined for at least 800 cells per strain using
ImageJ 1.47v software (National Institutes of Health, USA) from dupli-
cates in two independent experiments.

Cultivation of biofilms. (i) Static conditions. Biofilms were culti-
vated in petri dishes in LM medium as described earlier (9) and harvested
by scraping and centrifugation in fresh medium. Cultivation of anaerobi-
cally grown biofilms was performed in glass bottles containing glass beads
(5-mm diameter; Carl-Roth, Karlsruhe, Germany). The glass beads were
completely covered with LM medium containing 15 mM lactate. To re-
move oxygen from the medium, the bottles were stoppered, sealed, and
flushed with nitrogen for several minutes with periodic shaking. Cells
were adjusted to an OD600 of 0.05 and incubated at room temperature for
24 h. After removal of the supernatant, the cells were harvested by shaking
in fresh medium.

(ii) Hydrodynamic conditions. For image acquisition, biofilms were
cultivated under hydrodynamic conditions in three-channel flow cells as
previously described (9, 47). For eDNA staining, 7-hydroxy-9H-(1,3 di-
chloro-9,9-dimethylacridin-2-one (DDAO; Invitrogen, Darmstadt, Ger-
many) was added to a final concentration of 4 �M for 1 h prior to micros-
copy. Microscopic visualization was performed at defined locations close
to the inflow. If required, FeCl2 or desferrioxamine mesylate salt was
added to the medium reservoir. For protein sampling, biofilm cells were
cultivated in 50-ml syringes on glass beads under constant medium flow
and harvested as described earlier (48).

CLSM and image acquisition. Microscopic visualization of biofilms
and image acquisition was performed using an inverted Leica TCS SP5
confocal laser scanning microscope (CLSM; Leica Microsystems, Wetzlar,
Germany) equipped with 10�/0.3. Plan-Neofluar and 63�/1.2 W
C-Apochromate objectives. CLSM images were processed using the
Imaris software package (Bitplane AG, Zürich, Switzerland) and Adobe
Photoshop. Image analysis (e.g., quantification of prophage induction)
was conducted using ImageJ 1.47v software, including the LOCI Bio-
Formats plugin. CLSM stacks were split into individual channels (cyan
fluorescent protein [Cfp]/Venus/DDAO), and thresholds were adjusted
adequately to remove noise. Total signal intensities (limited to the thresh-
old range) were quantified by applying the area-multimeasurement tool
on each stack. Cfp signals (constitutively expressed in all cells) were used
as a reference to obtain a normalized signal-to-biomass ratio. Biofilm
cultivation and measurements were conducted in triplicate in at least two
independent experiments.

Chromosome staining. Biofilm cells were harvested in LM medium
and washed with PBS. Subsequently, the cells were resuspended in PBS
containing 0.1% Triton X and incubated for 10 min on ice. The cells were
then sedimented and resuspended in 4% PBS-buffered paraformaldehyde
solution containing 10 �g ml�1 4=,6-diamidino-2-phenylindole (DAPI;
Sigma-Aldrich, Steinheim, Germany). After 15 min of incubation flu-
orescence microscopy, image acquisition was carried out using an
Axio Imager.M1 microscope equipped with a Zeiss Plan Apochromate
100�/1.4 DIC objective.

Immunoblot analyses. Protein lysates were prepared either from
planktonic cells, statically grown biofilm cells, or biofilm cells grown un-
der hydrodynamic conditions on glass beads. Cell suspensions were uni-
formly adjusted to an OD600 of 10 before lysis, and equal volumes of lysate
were subsequently subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE). For each analysis, one gel was prepared
for subsequent Western blotting and one gel was stained with Roti-Blue
(Carl Roth, Karlsruhe, Germany) as a loading control (see Fig. S2 in the
supplemental material). SDS-PAGE and immunoblot detection of phage
�So was carried out as described previously (9) using polyclonal antibod-

ies raised against SO_2963 and secondary G-horseradish peroxidase-con-
jugated antibody anti-rabbit immunoglobulin (Thermo Fisher Scientific,
Schwerte, Germany). Signals were detected using the SuperSignal West
Pico chemiluminescent substrate (Thermo Fisher Scientific) followed by
exposition in the Fusion-SL chemiluminescence imager (Peqlab, Erlan-
gen, Germany). Representative immunoblot patterns are presented here,
but similar patterns were obtained from at least two biological replicates.

Isolation of H2O2-resistant mutants. For the isolation and identifi-
cation of an oxyR mutation that provides increased resistance against
H2O2 in S. oneidensis MR-1, we used an approach similar to that described
earlier for Xanthomonas campestris (49, 50). To avoid selection of muta-
tions in prophage genomes that would reduce induction and/or lysis, we
used the prophage-deficient strain S1419 as the template. In total, approx-
imately 1.5 � 1010 cells in mid-exponential phase were transferred to LB
agar plates (1.5 � 108 cells/plate) containing 2 mM H2O2 (Carl-Roth,
Karlsruhe, Germany). To verify that mutants retain resistance after non-
selective growth, single colonies were cultivated overnight in plain LB and
reinoculated in LB medium containing 10 mM H2O2. Mutated oxyR re-
gions were sequenced, cloned into pNPTS-128-R6K, and reintroduced
into strain S2991 and strain S2391 by markerless in-frame insertion. Re-
sistance was confirmed by cultivation in LB containing 10 mM H2O2.

RESULTS
�So prophage-mediated lysis is required for normal biofilm for-
mation. In a previous study, we demonstrated that an S. oneidensis
MR-1 mutant devoid of prophage �So was unable to cover the
surface during later phases of biofilm development (24 h) and to
form distinct three-dimensional structures (9). To further deter-
mine whether phage-mediated cell lysis is the major biofilm-pro-
moting factor of �So (and not additional factors encoded by the
prophage), we deleted the prophage’s putative lysis operon
(SO_2966-SO_2974), which was identified by bioinformatic anal-
yses and RT-PCR (see Fig. S3A and B in the supplemental mate-
rial). The MR-1 mutant lacking this operon displayed a phenotype
undistinguishable from that of a mutant lacking the whole �So
prophage with respect to cell lysis (as determined by extracellular
�-galactosidase activity after prophage induction of strains con-
stitutively expressing �-galactosidase) and biofilm formation
under hydrodynamic conditions (see Fig. S3C to E in the supple-
mental material). We concluded that cell lysis is the major bio-
film-promoting factor of the �So prophage.

Biofilm conditions trigger �So prophage induction. To gen-
erate strains that allow monitoring of �So induction at a single-
cell level, the coding sequence for venus was inserted into the pro-
phage �So genome downstream of SO_2989 (encoding the
putative transcriptional regulator Cro) by homologous recombi-
nation, resulting in strain P�cro::venus (see Fig. S4 in the supple-
mental material). Additionally, the strain was provided with con-
stitutively expressed ecfp at the Tn7 site for confocal laser scanning
microscopy analyses. Analogous strains harboring transcriptional
fusions to the putative �So lysis promoter (PR=, upstream of gene
SO_2974) and putative tail protein L (downstream of SO_2949)
were similarly generated. Results obtained for these strains were
congruent with those obtained for strain P�cro::venus. Thus,
within this study we will exclusively focus on strain P�cro::venus.

To demonstrate that prophage induction in strain P�cro::venus
correlates with Venus fluorescence, cultures were exposed to UVC
light or mitomycin C and analyzed by fluorescence microscopy.
Approximately 2 h after exposure, a significant fraction of cells
started to display filamentous growth and Venus fluorescence. To
further determine whether phage induction is ultimately followed
by cell lysis, a mitomycin C-treated culture of strain P�cro::venus
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was immobilized on a propidium iodide-containing agar pad and
analyzed by time-lapse microscopy (Fig. 1A). Single cells that were
exhibiting a simultaneous loss of turgor pressure and Venus fluo-
rescence in concert with sudden appearance of propidium iodide
fluorescence, strongly indicative of cell lysis, were observed. The
time interval between induction and lysis was highly variable, and
induction did not necessarily result in complete lysis of the MR-1
population.

Based on these results, we concluded strain P�cro::venus to be a
useful tool to monitor spatiotemporal induction of the prophage
�So lytic cycle. To this end, biofilms of strain P�cro::venus were
cultivated under hydrodynamic conditions and visualized by
CLSM over 48 h. Induction of prophage �So peaked at around 24
h after initial attachment at the developmental transition phase

prior to extensive three-dimensional growth (Fig. 1B). While only
single cells produced Venus during the first hours at a degree
comparable to spontaneous induction in planktonic cultures, a
large subpopulation of mainly filamentous cells displayed in-
creased fluorescence after 24 h. When S. oneidensis MR-1 biofilms
were treated with cell-impermeable DNA stain DDAO, similar
stringlike structures appeared, a phenotype that has already been
observed in previous studies (9). However, fluorescence signals of
both structures did not colocalize, strongly implicating that the
DDAO-stained stringlike structures represent dead cells after
�So-induced lysis. DAPI staining of filamentous cells isolated
from biofilms revealed the presence of multiple chromosomes,
indicating that the cell length of filamentous cells positively cor-
relates with the amount of DNA per cell body (Fig. 1C). Analysis of

FIG 1 Determination of �So prophage induction and eDNA release. (A) Visualization of �So prophage-induced cell lysis by differential interference contrast
microscopy (DIC) and detection of Venus fluorescence and propidium iodide (PI) fluorescence in cells of strain P�cro::venus after UV exposure. Scale bar, 5 �m.
(B) Relative �So induction over time in biofilms formed by strain P�cro::venus under hydrodynamic conditions in flow cells. Total Venus signal intensities from
CLSM images were normalized to total Cfp signal intensities to obtain an induction-to-biomass ratio. Black bars represent the mean values, with standard
deviations displayed as error bars, obtained from two independent experiments conducted each in triplicat. (C) DAPI staining of nucleoids (red) in filamentous
biofilm cells of S. oneidensis MR-1. Scale bar, 5 �m. (D) Projections of CLSM images displaying the induction of prophage �So (Venus fluorescence) and eDNA
(stained with DDAO) in biofilms formed by the Cfp-tagged strains P�cro::venus and P�cro::venus �recA under hydrodynamic conditions in flow cells 24 h after
the initial attachment. The lateral edge of each micrograph is 250 �m. (E) Distribution of total Cfp, Venus, and DDAO signal intensities (as percentage of
maximal intensity of each channel) over the z axis (distance to surface) of CLSM images of biofilms formed by strain P�cro::venus under hydrodynamic
conditions in flow cells 24 h after the initial attachment. Relative signal intensities are derived from the mean pixel values of triplicates in a representative
experiment.
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the distribution of cells exhibiting Venus fluorescence along the z
axis in 24-h-old biofilms revealed that signal intensities were
strongest in a distance of approximately 1.5 to 2.5 �m to the glass
surface at the top of the yet-thin cell layer, whereas the basal Cfp
signal displayed its strongest fluorescence at a distance of 0 to 0.8
�m, representing the bottom layers of the biofilm. DDAO signals
showed a pattern similar to that of Venus, indicating that induc-
tion of prophage �So and cell lysis predominantly occur within
the upper layers of the biofilm during this developmental stage.
Along the x and y axes, signals were evenly distributed, except in
densely packed micro- or macrocolonies, which mostly lacked
venus-expressing filamentous cells or stringlike eDNA structures.

RecA controls �So prophage induction and eDNA release in
S. oneidensis MR-1 biofilms. Since induction of the lytic cycle in
Lambda-like phages is thought to occur via the RecA-mediated
autocleavage of phage repressor cI in response to DNA-damaging
agents, we hypothesized that prophage �So induction might sim-
ilarly be RecA dependent. Thus, we generated a recA in-frame
deletion mutant in strain P�cro::venus and examined the response
of planktonic cultures to UV exposure. Fluorescence microscopy
(data not shown) and immunoblot analysis verified that deletion
of recA suppressed �So induction and production (Fig. 2A). Fur-
thermore, filamentous growth in response to DNA-damaging
agents was largely suppressed by deletion of recA in S. oneidensis
MR-1 (Fig. 2C).

To determine whether induction of prophage �So in biofilms is
also a RecA-dependent process, P�cro::venus �recA biofilms were
grown under hydrodynamic conditions and analyzed by CLSM.
No fluorescence of Venus above the background level was ob-
served in any of the biofilm developmental stages (Fig. 1D and 2E).
Accordingly, phage production in biofilm cells was suppressed, as
confirmed by immunoblot analysis (Fig. 2B). Unexpectedly, the
total biomass of P�cro::venus �recA biofilms (Cfp signal) was
slightly increased in comparison to the wild type and did not phe-
nocopy the ��So strain (Fig. 2D; see also Fig. S3E in the supple-
mental material), possibly due to pleiotropic effects of the �recA
deletion. eDNA staining of 24-h-old biofilms formed by P�cro::
venus �recA demonstrated that the relative signal intensity of
DDAO was reduced at least 2.8-fold in comparison to strain
P�cro::venus, indicating that deletion of recA suppressed �So-me-
diated eDNA release (Fig. 2F). In addition, significantly fewer
stringlike structures were observed after DDAO staining of eDNA.
From these data, we concluded that RecA-controlled induction of
prophage �So mediates cell lysis and eDNA release in a subpopu-
lation of filamentous cells in S. oneidensis MR-1 biofilms, mainly
at the developmental transition phase prior to extensive three-
dimensional growth.

Regulation by OxyR and Fur affects �So prophage induction.
In a previous study, we demonstrated that early surface-associated
growth induces the expression of genes belonging to the putative
OxyR (oxidative stress defense regulator) and Fur (ferric uptake
regulator) regulons in S. oneidensis MR-1 (48). Based on these

FIG 2 Induction of prophage �So and filamentous cell growth in �recA dele-
tion mutants. (A) �So production in planktonic cells of the wild type (recA �)
and �recA deletion mutants (recA �) after UV exposure (�) or without UV
exposure (�). Whole-cell lysates were separated by SDS-PAGE followed by
Western immunodetection of major capsid protein SO_2963. Sample normal-
ization was achieved by adjusting cell suspensions to the same OD600 and
analysis of stained SDS-PAGE gels (see Fig. S2 in the supplemental material).
Representative immunoblot patterns from at least two independent experi-
ments are presented. (B) Production of phage �So in biofilm cells of the wild
type, strain P�cro::venus, a �recA deletion mutant, and the ��So deletion
mutant of prophage �So. Biofilms were cultivated under static conditions in
petri dishes for 24 h, and biofilm cells were harvested by scraping. Whole-cell
lysates were separated by SDS-PAGE followed by immunoblot analysis of ma-
jor capsid protein SO_2963. Sample normalization was achieved by adjusting
cell suspensions to the same OD600 and analysis of stained SDS-PAGE gels (see
Fig. S2 in the supplemental material). Representative immunoblot patterns
from at least two independent experiments are presented. (C) Cell length
distribution of planktonic wild-type and �recA deletion mutant cells of S.
oneidensis MR-1 in response to mitomycin C. Black and gray bars (S. oneidensis
MR-1 wild type and �recA mutant, respectively) represent the mean values,
with standard deviations displayed as error bars, of the percentages of each cell
length obtained from two independent experiments conducted each in dupli-
cate with at least 800 cells per strain. (D) Relative biomass (total Cfp signal
compared to the wild type) of 24-h-old biofilms formed by strain P�cro::venus
and P�cro::venus �recA under hydrodynamic conditions in flow cells. Bars
represent the means of Cfp values (in percentages), with standard deviations
displayed as error bars, obtained from two independent experiments con-
ducted at least in duplicate. (E) Relative �So induction of 24-h-old biofilms
formed by strains P�cro::venus and P�cro::venus �recA under hydrodynamic
conditions in flow cells. Total Venus signal intensities from CLSM images were
normalized to total Cfp signal intensities to obtain an induction-to-biomass
ratio. Black bars represent the mean values, with standard deviations displayed
as error bars, obtained from two independent experiments conducted each in
duplicate. (F) eDNA levels as a measure of relative DDAO fluorescence in

24-h-old biofilms formed by strain P�cro::venus and P�cro::venus �recA under
hydrodynamic conditions in flow cells. Total DDAO signal intensities from
CLSM files were normalized to total Cfp signal intensities to obtain an eDNA-
to-biomass ratio. Black bars represent the mean values, with standard devia-
tions displayed as error bars, obtained from two independent experiments
conducted at least in duplicate.
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observations, we hypothesized that iron-mediated oxidative stress
might generate DNA damage under biofilm conditions, which
ultimately induces �So via RecA.

To investigate the role of oxidative stress and intracellular iron
levels for the induction of prophage �So in S. oneidensis MR-1
biofilms, we generated in-frame deletion mutants of oxyR and fur.
A recent study demonstrated that OxyR in S. oneidensis MR-1 is
analogous to OxyR in Escherichia coli and mediates the response to
hydrogen peroxide (H2O2)-induced stress by acting both as an
activator and as a repressor of defense genes (51). Hence, oxyR

mutants were expected to exhibit a partially impaired response to
oxidative stress. Deletion of fur should result in an increase in
intracellular iron levels, since Fur acts as a repressor of iron uptake
genes in S. oneidensis MR-1 (52).

Immunoblot analysis of �So in �oxyR and �fur biofilm cells
(static conditions) indicated increased levels of �So production in
both mutants compared to the wild type (Fig. 3A). To further
investigate the impact of both mutations on �So prophage induc-
tion during biofilm formation under hydrodynamic conditions,
both mutations were introduced into strain P�cro::venus. In both

FIG 3 Regulation by OxyR and Fur affects �So prophage induction and biofilm development. (A) Detection of phage �So by immunoblot analysis in biofilms
formed by the wild type, the �oxyR deletion mutant, and the �fur deletion mutant under static conditions in petri dishes. Sample normalization was achieved by
adjusting cell suspensions to the same OD600 and analysis of stained SDS-PAGE gels (see Fig. S2 in the supplemental material). Representative immunoblot
patterns from at least two independent experiments are presented. (B) Relative induction of �So prophage over time in biofilms formed by strains P�cro::venus
(black), P�cro::venus �oxyR (dark gray), and P�cro::venus �fur (light gray) under hydrodynamic conditions in flow cells. Bars represent the mean values of
Venus/Cfp ratios, with standard deviations displayed as error bars, obtained from two independent experiments conducted at least in duplicate. (C) Accumu-
lation of biofilm biomass (Cfp signal) over time of strains P�cro::venus, P�cro::venus �oxyR, and P�cro::venus �fur under hydrodynamic conditions in flow cells.
Bars represent the mean values of total Cfp pixel values, with standard deviations displayed as error bars, obtained from two independent experiments conducted
at least in duplicate. (D) CLSM images of 24-h-old biofilms formed by strains P�cro::venus, P�cro::venus �oxyR, and P�cro::venus �fur under hydrodynamic
conditions in flow cells. Cfp fluorescence represents all cells, and Venus fluorescence indicates �So prophage induction. (E) Planktonic growth of S. oneidensis
MR-1 wild type, the �oxyR deletion mutant, and the �fur deletion mutant in LB medium under aerobic conditions. Growth curves are derived from one
representative experiment conducted in triplicate. Error bars represent standard deviations.
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mutants, relative induction of �So was severely increased
throughout biofilm development during the first 24 h (approxi-
mately 6-fold for the �oxyR mutant and 12-fold for the �fur mu-
tant [Fig. 3B]). �oxyR mutants produced loosely packed and un-
structured biofilms mostly consisting of filamentous cells;
however, the total biofilm biomass was only slightly reduced 24 h
after the initial attachment (Fig. 3C and D). The �fur mutant was
strongly defective in biofilm formation during all developmental
phases tested, and the accumulated biomass ranged between 10
and 20% of that of the wild-type biofilms (Fig. 3C). Twenty-four-
hour-old biofilms almost exclusively consisted of randomly ori-
ented and loosely packed filamentous cells (Fig. 3D). �fur mu-
tants were also unable to produce densely packed macrocolonies
under the conditions tested. Notably, under planktonic growth
conditions in LB medium, the �oxyR mutant exhibited no growth
defect and the �fur mutant had only slightly reduced growth rates
in late exponential phase (Fig. 3E). Our results indicate that sur-
face-associated growth of S. oneidensis MR-1 strongly requires an
inducible defense against oxidative stress and tight control of iron
uptake. Deregulation of either process triggers �So prophage in-
duction to abnormal levels, resulting in defective biofilm forma-
tion.

�So induction in biofilms cannot be suppressed by an in-
crease in cellular H2O2 turnover. Since deregulation of the oxi-
dative stress response in the �oxyR mutant and elevated uptake of
iron in the �fur mutant both increased the level of �So prophage
induction, the question arose as to whether elevated H2O2 levels
might occur under biofilm conditions, resulting in Fenton-medi-
ated DNA damage and �So prophage induction. Accordingly, re-
duction or elimination of intracellular H2O2 by an increase in
cellular turnover of H2O2 would be expected to indirectly reduce,
or even suppress, RecA-mediated induction of prophage �So. To
explore the role of H2O2, we performed a mutant screening for the
isolation of H2O2-resistant clones that possibly possess a consti-
tutively active response to oxidative stress.

Of four isolated resistant clones, sequencing of oxyR genes re-
vealed a single point mutation causing a T104N amino acid sub-
stitution in 3 isolates and another single point mutation causing
an L197P substitution in 1 isolate (see Fig. S5A in the supplemen-
tal material). Reintroduction of both point mutations into the
wild-type background revealed that both mutations individually
provide S. oneidensis MR-1 with a strongly increased resistance
(	20-fold) against H2O2 compared to the wild type and the
�oxyR mutant (Fig. 4A). In plain LB medium, the mutants

FIG 4 Induction of prophage �So in biofilms is independent of hydrogen peroxide and superoxide. (A) Planktonic growth under aerobic conditions in LB
medium containing 10 mM H2O2 of the S. oneidensis MR-1 wild type, the �oxyR deletion mutant, and mutant strains that harbor single amino acid substitution
T104N or L197P in OxyR (OxyRT104N and OxyRL197P). As a reference, the growth curve of the wild type in the absence of H2O2 is also presented. Growth curves
are derived from a representative experiment conducted in triplicate. Error bars represent standard deviations. (B) Expression, relative to the wild type, of katB
(SO_1070), dps (SO_1158), ahpC (SO_0958), katG1 (SO_0725), and tonB (SO_3670) in the �oxyR and the OxyRT104N and OxyRL197P mutant strains, deter-
mined by quantitative real-time RT-PCR. Bars represent the mean values of two independent experiments, each normalized to the 16S rRNA and recA
housekeeping genes. Standard deviations are displayed as error bars. (C) Left three lanes (� H2O2), immunoblot analysis of phage �So production in planktonic
cells of the wild type and the OxyRT104N and OxyRL197P mutants. Cells were cultivated in LB medium until mid-exponential phase and subjected to 2 mM H2O2

for 2 h. Right three lanes (Biofilm), immunoblot analysis of phage �So production in biofilm cells of the wild type and the two OxyR mutants. Cells were harvested
from 24-h-old biofilms formed on glass beads under hydrodynamic conditions. Sample normalization was achieved by adjusting cell suspensions to the same
OD600 and analysis of stained SDS-PAGE gels (see Fig. S2 in the supplemental material). Representative immunoblot patterns from at least two independent
experiments are presented. (D) Immunoblot analysis of phage �So production in wild-type biofilm cells harboring plasmid pBBR1-TT-Ptac-MSC5-sodB for
constitutive overexpression of superoxide dismutase gene sodB. Cells were harvested from 24-h-old biofilms formed on glass beads under hydrodynamic
conditions. Sample normalization was achieved by adjusting cell suspensions to the same OD600 and analysis of stained SDS-PAGE gels (see Fig. S2 in the
supplemental material). Representative immunoblot patterns from at least two independent experiments are presented. (E) Immunoblot analysis of phage �So
production in wild-type cells harvested from biofilms formed under oxic conditions (� O2) on glass beads (constant medium flow) and cells harvested from
biofilms formed under anoxic conditions (� O2; N2 headspace) on glass beads (static conditions). Sample normalization was achieved by adjusting cell
suspensions to the same OD600 and analysis of stained SDS-PAGE gels (see Fig. S2 in the supplemental material). Representative immunoblot patterns from at
least two independent experiments are presented.
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showed slightly reduced growth rates compared to the wild type
(see Fig. S5B in the supplemental material). Quantitative real-time
RT-PCR was performed to better understand the effects of both
amino acid substitutions in OxyR on the expression of potential
target genes in the absence and the presence of H2O2. In both
mutants (OxyRT104N and OxyRL197P), the expression of katB
(SO_1070), dps (SO_1158), ahpC (SO_0958), and katG1
(SO_0725) was strongly induced, by factors ranging from 170 (dps
in OxyRT104N) to 1,860 (katG1 in OxyRL197P), compared to the
wild type, regardless of the presence or absence of H2O2 (Fig. 4B;
see also Fig. S5C in the supplemental material). Transcript levels
of tonB (SO_3670) were also examined to determine whether de-
letion of oxyR or expression of the OxyR variants OxyRT104N and
OxyRL197P influences the expression of the Fur regulon. However,
no differential expression of tonB was observed in the absence of
H2O2 and only slight downregulation in the OxyR variants oc-
curred in the presence of H2O2 (see Fig. S5C in the supplemental
material). We conclude that resistance against H2O2 in strains
expressing the OxyR variants OxyRT104N and OxyRL197P is con-
ferred by constitutive overexpression of H2O2 defense genes and
an increase in H2O2 turnover.

To determine whether expression of the OxyR variant
OxyRT104N or OxyRL197P suppresses �So induction by H2O2, we
performed immunoblot analysis on planktonic cultures treated
with 2 mM H2O2. Our results demonstrate that �So production
was strongly reduced in both mutants compared to that of the wild
type (Fig. 4C). Accordingly, cell morphologies of the mutants
were unaffected by H2O2, while the wild type displayed filamen-
tous cell morphologies (see Fig. S5D in the supplemental mate-
rial).

To finally determine whether induction of prophage �So is
similarly suppressed under biofilm conditions, both oxyR muta-
tions were individually introduced into strain P�cro::venus. Sur-
prisingly, �So induction levels and biofilm morphologies of the
mutants were indistinguishable from those of the wild type, as
indicated by CLSM analyses (data not shown). Immunoblot anal-
ysis of phage �So in biofilm cells cultivated under hydrodynamic
conditions confirmed similar levels of phage �So production in
both mutants and the wild type, indicating that H2O2 is not a
limiting factor for �So induction in S. oneidensis MR-1 biofilms.

In addition to H2O2, we were intrigued by the question of
whether elevated superoxide levels might influence �So activation
under biofilm conditions. However, addition of paraquat did not
stimulate �So production in planktonic cells, and overexpression
of the Fe/Mn superoxide dismutase sodB gene (SO_2881) in bio-
film cells did not suppress �So production, indicating that super-
oxide has a rather minor role, if any, in �So induction in S. one-
idensis MR-1 biofilms (Fig. 4D; see also Fig. S6 in the supplemental
material). We also tested a range of molecules (glutathione, ascor-
bic acid, N-acetyl-cysteine, L-proline, and L-cysteine) that might
act as antioxidants and have previously been shown to suppress
cellular oxidative stress, but none had any significant effect on
phage induction during biofilm formation (data not shown). In
contrast, cultivation of biofilms under anoxic conditions strongly
decreased the level of �So production in comparison to those
grown aerobically, indicating that dioxygen plays an important
role in the induction of �So under hydrodynamic biofilm condi-
tions (Fig. 4E). However, it has to be noted that the setup used for
the cultivation of anaerobic biofilms differs considerably from

that used for aerobic biofilms and therefore represents only a lim-
ited control.

From this set of experiments, we conclude that an inducible
defense against reactive oxygen species is required for normal bio-
film formation; however, neither increased H2O2 nor increased
superoxide levels seem to represent a biofilm-specific stimulus of
prophage �So.

Availability of soluble iron controls the timing and level of
�So prophage induction and eDNA release. We previously dem-
onstrated that in S. oneidensis MR-1, genes of the Fur (ferric up-
take regulator) regulon were strongly induced upon surface con-
tact, indicating a high demand of iron during this phase. Addition
of Fe2� to S. oneidensis MR-1 biofilms cultivated under hydrody-
namic conditions significantly stimulated biofilm formation,
while planktonic growth was not affected (48). Increased intracel-
lular levels of free iron in concert with aerobic respiration have
often been suggested to result in oxidative stress and DNA dam-
age, a well-known stimulus for the RecA-mediated SOS response
(for reviews, see references 53, 54, and 55). We thus hypothesized
that iron might act as an indirect stimulus for �So phage induction
and eDNA release in S. oneidensis MR-1 biofilms. To analyze this,
biofilms of strain P�cro::venus were cultivated in the presence of
20 �M Fe2�. After 12 h of incubation, Venus fluorescence as a
measure of �So prophage induction was increased in comparison
to that of biofilms without additional iron but decreased after 24 h
after initial attachment, indicating that addition of iron stimu-
lated an earlier �So induction (Fig. 5B). DDAO staining of 24-h-
old biofilms revealed drastically increased levels of eDNA (9.5-
fold) in comparison to biofilms grown without additional iron
(Fig. 5A and C). The eDNA appeared as densely packed stringlike
structures, probably representing filamentous multinucleated cell
bodies that pervaded the entire biofilm except the area of micro-
colonies (Fig. 5A). In contrast, addition of desferrioxamine, a
chelating agent for ferric and ferrous iron (56), reduced the rela-
tive signal intensities of both Venus and DDAO, indicating that
decreasing the levels of available iron inhibits �So phage induction
and eDNA release. Accordingly, the presence of DDAO-stained
stringlike structures was largely diminished. Suppression of �So
production by desferrioxamine in hydrodynamically grown bio-
films was additionally verified by immunoblot analysis (Fig. 5D).
Notably, the observed effect of iron on �So induction appeared to
be biofilm specific, since addition of Fe2� to cells grown under
planktonic conditions did not have any effect on �So production
(Fig. 5E).

The effect of iron was additionally investigated by immunoblot
analysis in wild-type and �fur biofilms grown under static condi-
tions. In both strains, addition of ferrous iron increased the level
of �So production compared to the untreated controls. Moreover,
addition of iron to �fur biofilms had an additive effect, resulting in
strongly increased levels of �So production (Fig. 5F and G). These
results suggested that the level of intracellular iron positively cor-
relates with the degree of �So production in S. oneidensis MR-1
biofilms. Notably, addition of Fe2� to biofilms formed by the
OxyRT104N and OxyRL197P mutant strains also strongly increased
the level of �So production in comparison to the untreated con-
trols, further indicating that iron and not H2O2 is the predomi-
nant factor for �So induction in S. oneidensis biofilms (see Fig. S7
in the supplemental material).

From this set of experiments, we concluded that addition of
Fe2� to biofilms of S. oneidensis MR-1 stimulates �So prophage
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FIG 5 Iron controls the level and timing of �So prophage induction and eDNA release. (A) CLSM image projections of 24-h-old biofilms formed by strain
P�cro::venus under hydrodynamic conditions in flow cells in the presence of 20 �M FeCl2 (Fe2�) or 20 �M iron chelator desferrioxamine (DFO). Cfp
fluorescence represents all cells, and Venus fluorescence indicates �So prophage induction. The biofilms were stained with DDAO to visualize eDNA. The lateral
edge of each micrograph is 250 �m. (B) Relative induction of �So prophage over time in biofilms formed by strain P�cro::venus under hydrodynamic conditions
in flow cells in the presence of 20 �M Fe2�. Total Venus signal intensities from CLSM images were normalized to total Cfp signal intensities to obtain an
induction-to-biomass ratio. Black bars represent the mean values with standard deviations displayed as error bars, obtained from two independent experiments
conducted at least in duplicates. (C) eDNA levels as a measure of relative DDAO fluorescence in biofilms formed under hydrodynamic conditions in flow cells
in the presence of 20 �M Fe2� or 20 �M iron chelator DFO. Total DDAO signal intensities from CLSM files were normalized to total Cfp signal intensities to
obtain an eDNA-to-biomass ratio. Black bars represent the mean values, with standard deviations displayed as error bars, obtained from two independent
experiments conducted at least in duplicate. (D) Detection of phage �So by immunoblot analysis in biofilms formed under hydrodynamic conditions on glass
beads in the presence or absence of DFO. Sample normalization was achieved by adjusting cell suspensions to the same OD600 and analysis of stained SDS-PAGE
gels (see Fig. S2 in the supplemental material). Representative immunoblot patterns from at least two independent experiments are presented. (E) Detection of
phage �So by immunoblot analysis in wild-type cells cultivated under planktonic growth conditions in the absence or presence of 20 �M Fe2�. The cells were
harvested during logarithmic growth phase. Sample normalization was achieved by adjusting cell suspensions to the same OD600 and analysis of stained
SDS-PAGE gels (see Fig. S2 in the supplemental material). Representative immunoblot patterns from at least two independent experiments are presented. (F and
G) Detection of phage �So by immunoblot analysis in biofilms formed by the wild type (F) and the �fur deletion mutant (G) under static conditions in petri
dishes in the presence of 20 �M and 100 �M Fe2�. Cell lysates of biofilm cells were subjected by SDS-PAGE followed by immunoblot analysis of major capsid
protein SO_2963. Sample normalization was achieved by adjusting cell suspensions to the same OD600 and analysis of stained SDS-PAGE gels (see Fig. S2 in the
supplemental material). Representative immunoblot patterns from at least two independent experiments are presented.
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induction and enhances the level of eDNA release, likely by an
increase in oxidative stress and DNA damage. This hypothesis was
further supported by monitoring dps (SO_1158) promoter activ-
ity during biofilm formation (see Fig. S8A in the supplemental
material). Dps is predicted to be a ferritinlike protein that binds
and oxidizes Fe2� to protect DNA against oxidative damage (57,
58). While dps appeared to be actively expressed in almost all cells
during the early phases of biofilm formation, reporter activity oc-
curred solely in filamentous cells during later phases. In contrast,
dps expression in planktonic cells was mostly below the detection
limit of the reporter system.

DISCUSSION

The ubiquitous presence of prophages in bacterial genomes has
numerous implications with respect to host physiology and ecol-
ogy, which we are just beginning to understand. Since biofilms are
the predominant form of bacterial existence, the question arises as
to what extent prophages impact biofilm formation. For different
species, including S. oneidensis MR-1, it has been suggested that
prophage-induced lysis promotes biofilm formation, e.g., by the
release of matrix components such as eDNA (9, 32, 33). To our
knowledge, this is the first study in which high-resolution CLSM
was utilized to elaborate the spatiotemporal induction of a pro-
phage during biofilm formation at the single-cell level and to vi-
sualize the heterogeneity of this process within the biofilm com-
munity. Our results strongly suggest that in S. oneidensis MR-1,
�So induction occurs mainly in upper biofilm layers in a subpop-
ulation of filamentous cells. We show that induction and, ulti-
mately, cell lysis and eDNA accumulation are strictly controlled by
RecA and likely correlate with intracellular iron levels. In addition,
our study indicates that surface-associated growth of S. oneidensis
MR-1 strongly requires a defense system against oxidative stress
and tight control of iron uptake; however, levels of free intracel-
lular iron and not hydrogen peroxide seem to limit induction and
production of �So on S. oneidensis MR-1 biofilms.

Alternative pathways for the induction of lambdoid phages
that exclude the RecA-mediated SOS response have been identi-
fied (59, 60). In contrast, our results strongly suggest that induc-
tion of prophage �So is strictly RecA dependent in S. oneidensis
MR-1, both in planktonic cultures and in biofilms. Unexpectedly,
�recA deletion mutants did not phenocopy ��So deletion mu-
tants with regard to biofilm biomass and biofilm architecture. We
hypothesize that this effect is due to secondary effects of the �recA
mutation or due to the inability of �recA mutants to repair dou-
ble-strand breaks. As previously suggested, cell death might there-
fore occur more often in �recA mutants during biofilm growth,
resulting in S. oneidensis biofilms in the release of biofilm-pro-
moting factors, which might partially complement the loss of �So
prophage-induced lysis (61).

We demonstrated that �So induction is restricted mainly to
filamentous cells, a commonly occurring but so far uncharacter-
ized phenotypic variant in S. oneidensis MR-1 biofilms, indicating
that these cells suffer from increased levels of DNA damage, the
activating signal for RecA. Elongated cell morphologies in re-
sponse to DNA damage had already been observed by Gates in the
early 1930s (62). Later, they were shown to be a consequence of
cell division inhibition while cellular growth proceeds, a process
that is predominantly regulated by the RecA-mediated SOS re-
sponse. In addition to gaining time for DNA repair, filamentation
can also represent a fitness advantage in stressful environments

(for a review, see reference 63). Notably, the occurrence of fila-
mentous cells appears to be a rather common but so far not well
understood phenomenon in microbial biofilms. In Pseudomonas
aeruginosa biofilms, cell elongation correlates with nutrient depri-
vation under aerobic conditions and is triggered by nitric oxide
production during anaerobic respiration (64, 65), two processes
that might increase DNA damage. Analogously, formation of
knitted chains in Listeria monocytogenes biofilms is controlled by
SOS response factor YneA in response to oxidative stress (66, 67).
Filamentous cells were also observed in environmental biofilm
communities attached to microbial fuel cells, indicating that elon-
gated cell morphologies might play a role in naturally occurring
mixed electrogenic communities (68). Correspondingly, artifi-
cially induced elongation of S. oneidensis MR-1 cells was shown to
enhance microbe-electrode interactions in microbial fuel cells
(69). However, it is still unclear whether filamentous growth itself
is required for normal biofilm formation of S. oneidensis MR-1 or
whether it occurs as a side effect of the SOS response prior to
�So-induced lysis and eDNA release.

We observed that induction of prophage �So and eDNA accu-
mulation correlated with levels of ferrous iron. We primarily uti-
lized ferrous iron throughout this study; however, spontaneous
oxidation will have produced significant fractions of ferric iron
during the experiments, and thus a clear distinction between the
effects of the two forms was not possible.

Iron is present in most living organisms, in which it plays im-
portant roles in key enzymatic reactions, and has been shown to
affect biofilms of multiple bacterial species. However, the exact
regulatory pathways and physiological roles of iron during biofilm
formation remain mostly unknown and likely vary among the
species. Iron limitation has been demonstrated to induce biofilm
formation in Legionella pneumophila, Staphylococcus aureus, and
Streptococcus mutans (70–72) but inhibits this process in E. coli,
Vibrio cholerae, and P. aeruginosa (73–75). High levels of iron
disrupt P. aeruginosa biofilms, indicating that the effect occurs in
a concentration-dependent fashion (76, 77). A recent study pro-
vides evidence that iron is implicated in the formation of S. one-
idensis MR-1 pellicles (78). Generally, differential responses to
iron levels may be a consequence of the organism’s metabolic
requirements, including the repertoire of iron metalloenzymes
involved in specific metabolic pathways (73).

S. oneidensis MR-1 is capable of utilizing multiple organic and
inorganic alternative terminal electron acceptors, and for this re-
spiratory versatility S. oneidensis MR-1 requires a large array of
iron-containing cytochromes (79). Thus, the ability to grow on
diverse redox-active surfaces might account for a high demand for
iron. In a recent study, we observed the induction of genes in-
volved in iron uptake in response to early surface-associated
growth (48). Accordingly, increased intracellular levels of free iron
might generate DNA damage that ultimately induces �So pro-
phage induction. Expression profiles of Salmonella enterica sero-
var Typhimurium suggest that the lag phase similarly involves
transient accumulation of iron and oxidative stress (80). Cells in
lag phase might therefore adapt their physiological status to new
environmental conditions in a way similar to the response of cells
during early surface contact. To gain more insights into the course
of iron uptake during biofilm formation, we generated an epi-
somal promoter fusion of the putative tonB (SO_3670) promoter
and venus (see Fig. S8B in the supplemental material). Promoter
activities as indicated by fluorescence were highest during the
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early phases of biofilm formation, suggesting that ferric iron up-
take is repressed at later stages, potentially to control iron-induced
oxidative damage. Accordingly, the level of �So prophage induc-
tion decreases in later phases of biofilm development.

When S. oneidensis MR-1 attaches to mineral surfaces, reduc-
tion and solubilization of metal oxides likely result in locally in-
creased ferrous iron concentrations (81). This would be expected
to enhance �So prophage induction and eDNA accumulation, as
has been observed in the presence of additional ferrous iron in
flow chamber biofilms in this study. Accordingly, genes belonging
to prophage �So were found to be induced during growth of S.
oneidensis MR-1 on Fe nanoparticle-decorated anodes in micro-
bial electrolysis cells, indicative of �So prophage-mediated cell
lysis (82).

Accumulation of eDNA during biofilm development might
have beneficial effects in limiting �So prophage induction by che-
lation of free iron in later phases (14). Oxygen and nutrient levels
decrease within the depth of the biofilm; accordingly, �So pro-
phage induction and eDNA accumulation were observed to occur
mainly in upper biofilm layers. In filamentous cells, the nutrient
collection surface is enlarged while the surface-to-volume ratio
remains similar (64). Hence, filamentous growth itself might in-
directly contribute to an increase in intracellular iron levels in a
positive-feedback loop, thereby triggering DNA damage and fur-
ther filamentous growth. Furthermore, iron-induced DNA dam-
age might be enhanced by the release of additional iron from iron-
sulfur clusters that were damaged by oxidative stress (83). Hence,
these two processes might in part elicit the observed heterogeneity
in S. oneidensis MR-1 biofilms.

Similar to �fur, deletion of oxyR resulted in an increase in �So
prophage induction during biofilm formation, indicating that the
OxyR-mediated response is involved, to some extent, in protect-
ing biofilm cells against oxidative stress. It should be noted that the
fur gene often belongs to the OxyR regulon (54). However, quan-
titative real-time RT-PCR analyses indicated that this is not the
case in S. oneidensis MR-1. To explore the role of Fenton chemistry
in the induction of �So under biofilm conditions, we screened for
mutations that trigger OxyR constitutively active to suppress
H2O2-mediated induction of �So, and we successfully isolated
two mutants, OxyRT104N and OxyRL197P. Notably, the OxyR thre-
onine residue at position 104 is highly conserved among proteo-
bacteria and seems to represent a functional “on-switch” of OxyR
by replacement by asparagine (see Fig. S5A in the supplemental
material). Thus, we propose that substitution T104N may also be
broadly applied for OxyR research in further studies.

In contrast to the general assumption that DNA lesions in the
presence of ferrous iron are the result of Fenton-generated (hy-
droxyl) radicals, our data indicate that iron and not H2O2 levels
appear to be limiting for prophage �So induction in biofilms,
since the level of �So induction was unaffected in biofilms formed
by the H2O2-resistant OxyR mutants (OxyRT104N and OxyRL197P).
Previously, Flemmig and Arnhold observed Fe2�-induced DNA
strand breaks in plasmid pBBR322 that were not mediated by
H2O2 (84). Further, it has been suggested earlier that oxidation of
biomolecules by ferrous iron and dioxygen without participation
of H2O2 is more relevant under physiological conditions than ox-
idation by hydroxyl radicals generated by Fenton chemistry. A
study of Fenton-mediated radical oxidations of biomolecules to
those induced by iron-oxygen complexes strongly indicated that
at physiological ratios of [O2]/[H2O2], which range between 103

and 105, detrimental effects of iron-oxygen complexes become
predominant over Fenton-derived radicals (85). Accordingly, the
presence of free iron and dioxygen was assumed to be sufficient for
damaging biomolecules such as DNA (84–86). Thus, based on
these and our observations, we hypothesize that elevated iron up-
take in the presence of oxygen might result in DNA damage with-
out significant participation of Fenton chemistry, and ultimately
in RecA-mediated �So prophage induction and cell lysis in the
upper layers of S. oneidensis MR-1 biofilms. However, further
studies focusing on the effects of iron on the integrity chromo-
somal DNA in biofilm cells are required to explore the exact rad-
ical chemistry that might indirectly trigger �So induction.

Notably, biofilm conditions have been reported to promote
DNA double-strand breaks in various Gram-negative and Gram-
positive species, generating genetic diversity that may help the
community to adapt to varying environmental conditions or to
generate antibiotic resistance (61, 66, 67, 87, 88). In these studies,
the authors suggest oxidative stress to be responsible for the emer-
gence of DNA lesions by a yet-unknown mechanism. Based on our
observations, we hypothesize that intracellular iron levels might
play a central role in these processes. Possibly, Fenton-indepen-
dent iron-induced radical oxidation reactions may be a ubiqui-
tous phenomenon with a so far underestimated and/or over-
looked impact on microbial physiology and ecology. Our present
study gives an example of the elaborate interplay between cellular
requirements for iron, iron-induced DNA damage, prophage-in-
duced lysis, and eDNA release during biofilm formation, which we
expect to be similarly relevant for other bacterial species.
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