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The exoelectrogenic capacity of the cyanobacterium Synechococcus elongatus PCC7942 was studied in
iron limited growth in order to establish conditions favouring extracellular electron transfer in
cyanobacteria for photo-bioelectricity generation. Investigation reduction of
ferricyanide by Synechococcus elongatus PCC7942 demonstrated enhanced capability for the iron

into extracellular

limited conditions in comparison to the iron sufficient conditions. Furtheremore, the significance of pH
showed that higher rates of ferricyanide reduction occurred at pH 7, with a 2.7-fold increase with
respect to pH 9.5 for iron sufficient cultures and 24-fold increase for iron limited cultures. The strategy
presented induced exoelectrogenesis driven mainly by photosynthesis and an estimated redirection of
the 28% of electrons from photosynthetic activity was achieved by the iron limited conditions. In
addition, ferricyanide reduction in the dark by iron limited cultures also presented a significant
improvement, with a 6-fold increase in comparison to iron sufficient cultures. Synechococcus elongatus
PCC7942 ferricyanide reduction rates are unprecedented for cyanobacteria and they are comparable to
those of microalgae. The redox activity of biofilms directly on ITO-coated glass, in the absence of any
artificial mediator, was also enhanced under the iron limited conditions, implying that iron limitation
increased exoelectrogenesis at the outer membrane level. Cyclic voltammetry of Synechococcus

elongatus PCC7942 biofilms on ITO-coated glass showed a midpoint potential around 0.22 V vs. Ag/
Received 3lst January 2018 AgCl and iron limited biofilms had th bility to sustai ts i turated-like fashion. Th
Accepted 14th May 2018 gCl and iron limited biofilms ha e capability to sustain currents in a saturated-like fashion. The
present work proposes an iron related exoelectrogenic capacity of Synechococcus elongatus PCC7942

DOI: 10.1039/c8ra00951a and sets a starting point for the study of this strain in order to improve photo-bioelectricity and dark-

rsc.li/rsc-advances bioelectricity generation by cyanobacteria, including more sustainable mediatorless systems.

resulting in an intracellular electron transport chain.
Bioelectricity from thylakoid membrane isolated from the cell

Introduction

Direct electricity generation from microbes is an important field
of research within the bioenergy sector.” This electrical current
is the product of the metabolic activity of microorganisms
possessing the capability to transfer electrons extracellularly
(exoelectrogenesis), and thus, to interact directly or indirectly
with an external conductive solid material.> High power has
been achieved in microbial fuel cells (MFCs),* however, the high
demand on the organic substrate limits MFC applications.

As an alternative, photosynthesis-based bioelectricity has
emerged, where oxygenic photosynthetic microorganisms are of
particular interest. These systems represent a sustainable light
driven platform, as they possess the ability of photolysis of
water coupled to photosystem II in the thylakoid membrane,
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apparatus has been achieved in response to light.** However,
whole microbes have the advantage of being a self-sustained
and self-repairing, which greatly impacts the durability of the
bioelectrochemical cell.

Electricity generated by photosynthetic microorganisms has
been demonstrated in a range of cyanobacteria and microalgae
species utilised as electron donor in biophotovoltaics (BPV,
photosynthesis driven bioelectrochemical cell). Studies have
shown a direct correlation with electricity and increased illu-
mination, furthermore electricity generated in the absent of
light is also generated as the result of dark metabolic activity.””
In biotechnological applications, including bioelectricity,
special attention has been given to prokaryotic cyanobacterial
species due to their simpler physiology and lower energy
requirements.'®**

Bombelli et al.* used various photosynthesis inhibitors to
demonstrate that the intracellular electron donor in the exoe-
lectrogenic path is NAD(P)H. However, the exoelectrogenic
capacity in cyanobacteria is not constitutive and electrons
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generated in the photolysis of water are directed to CO, fixation,
it is only a very small fraction reaching out the cell surface.> The
mechanisms and metabolic pathways involved in the redirec-
tion of electrons to the extracellular membrane are a matter of
study and yet to be fully understood.****

Good exoelectrogenic bacteria are those coupling respiration
to an extracellular final electron acceptor, and examples of
exoelectrogens such as Shewanella oneidensis and Geobacter
sulfurreducens have been reported extensively in the literature.
In both cases, outer membrane c-cytochromes associated to
extracellular respiratory pathways are responsible of direct
electron transfer.”>” It has also been reported the secretion of
redox active compounds like riboflavins, which can act as
a natural redox mediator."®" Additionally, the presence of
electrically conductive nanowires (pili) on the outer surface of
the bacterial wall has been described as necessary for higher
extracellular electron transport rates.”*** Cyclic voltammetry of
these bacterial biofilms shows electrochemical active
regions.”***

In the case of poor exoelectrogens like photosynthetic
microorganisms, soluble artificial redox mediators imperme-
able to the plasma membrane, typically ferricyanide, are uti-
lised to facilitate exoelectrogenesis (Fig. 1).»** Nevertheless,
biofilms of photosynthetic microorganisms are capable of
electricity generation with no addition of mediators (media-
torless), revealing direct electron transfer,” and potentially
representing a more sustainable platform.

While for cyanobacteria there is a lack of understanding on
how exoelectrogenesis occurs, eukaryotic microalgae present
proteins with a conserved transmembrane ferric reductase
domain (FRD superfamily) including ferric reductases (FRE)
and NADPH oxidases (NOX).>** FRE and NOX perform vertical
electron transfer through the plasma membrane, therefore
constituting a form of exoelectrogenesis. FRE activities can be
analysed using the ferricyanide assay,” which consists of
measuring the electrochemical conversion of ferricyanide
(Fe(CN)e ?) to ferrocyanide (Fe(CN)¢*"), giving a quantitative

[Fe(CN)e)I*

%NAD(P)* (el

%NAD(P)H

Intracellular Extracellular

Fig.1 Schematic of ferricyanide reacting at the extracellular surface of
cyanobacteria, at plasma membrane (PM) and at outer membrane
(OM) level. The points of reaction have not been identified. Ferricya-
nide/ferrocyanide can cross the OM through porins, but not the PM.
NADPH and NADH are the intracellular metabolites known to be the
substrate for the reaction.*®* Ferrocyanide is then available in the
extracellular space to react with an electrode or alternatively, the
reaction can be used to quantify exoelectrogenesis by measuring
ferricyanide concentration spectrophotometrically.
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measurement of their exoelectrogenesis. FRE and NOX in the
plasma membrane could explain the exoelectrogenic capacity
observed in microalgae based BPVs.*?*® Furthermore, the algal
plasma membrane NADPH oxidase was identified to be
responsible for extracellular superoxide production which was
correlated with current generation in BPV studies.*?**

In the case of cyanobacteria, some authors'**® have sug-
gested that exoelectrogenesis may be due to a reductive iron
uptake mechanism as well. Although, proteins with the
conserved ferric reductase domain have not been annotated for
cyanobacteria.?® The strategy for iron uptake described for cya-
nobacteria consists of siderophore secretion for ferric chela-
tion, followed by the uptake of the Fe(m)-siderophore
complex.**** However, many cyanobacteria do not produce
siderophores, therefore reductive mechanisms are being sought
and evidence of possible reductive iron uptake pathways is
growing.***” New insight on cyanobacterial iron acquisition has
revealed ferric reduction due to the action of the Alternate
Respiratory Terminal Oxidase (ARTO) in the plasma membrane
with the subsequent uptake of ferrous, particularly described
for the model cyanobacterium Synechocystis sp. PCC6803,**3%%°
a common strain used in biophotovoltaics. However, Bradley
et al.® demonstrated that deletion of ARTO increases ferricya-
nide reduction rates in Synechocystis sp. PCC6803, thus
a different point of electron export must exist.

The model cyanobacterium Synechococcus elongatus
PCC7942 (PCC7942 hereafter), has been broadly studied in iron
starvation,’*** having particularly high endurance to iron
limited growth.** PCC7942 is a siderophore producer, with
increased siderophores secretion and overexpression of ferric
transporters under iron starvation.**** However, Nodop
et al* suggested multiple iron acquisition systems. In their
work, the transcript profile of iron starved PCC7942 showed
upregulation of proteins in the cell envelope, including a porin
in the outer membrane (SomB1), the operon IrpAB, involving
a plasma membrane protein (IrpA) and a c-type cytochrome
(IrpB), and a high affinity Fe(u) permease (ftr1), all regulated by
the same transcriptional factor.*” This system indicates that
possibly a reductive mechanism under iron starvation is
activated.

Recently, PCC7942 has been reported as an exoelectrogen for
photo-bioelectricity generation.* Moreover, PCC7942 was
transformed with the outer membrane c-type cytochrome S
(OmcS) from Geobacter sulfurreducens, improving PCC7942
exoelectrogenic capacity with increased ferricyanide reduction
rates as well as higher mediatorless electricity generation. In
order to develop platforms for direct current generation from
cyanobacteria it is imperative to understand their exoelectro-
genic mechanisms and to find conditions favouring higher
rates of exoelectrogenesis. In the present study we report our
findings on PCC7942 exoelectrogenesis, based on measure-
ments of extracellular ferricyanide reduction rates, demon-
strating that by imposing iron limited growth, exceptionally
higher exoelectrogenic capacity is achieved. Furthermore, vol-
tammetry measurements were performed in absence of an
artificial mediator, showing that direct electricity generation
increases for iron limited PCC7942.

This journal is © The Royal Society of Chemistry 2018
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Experimental

Microorganisms culturing conditions

PCC7942 was obtained from the Pasteur Culture Collection.
PCC7942 was grown in BG11 medium. Growth was at 30 °C
under a 12 hours light/dark cycle illuminated with white light
fluorescent tubes with an intensity of 90 pmol m™> s~ ' and
shaking speed of 120 rpm in air.

Erlenmeyer flasks with vented caps (0.22 pm PTFE) were
used. Cultures were routinely tested to check axenic conditions
by plating in bacteriological agar (tryptone soya with yeast
extract); plates were wrapped in aluminium foil and incubated
at 30 °C for four days to check absence of bacterial growth.

Iron limitation culturing

Media for experiments was prepared with Millipore® ultrapure
water (polished R.O. water 18.2 MQ cm at 25 °C). For the iron
limited condition, ammonium ferric citrate in BG11 was
replaced by ammonium citrate in a stoichiometric proportion.
Iron presence in other chemical reagents meant that traces of
iron were still introduced.

All glassware was acid-washed to remove solids and thus
minimize iron presence. Bottles and flasks were left overnight
with 1 M nitric acid and then rinsed with ultrapure water.

Triplicates of iron sufficient and iron limited cultures were
started from a common culture, which was divided into two,
centrifuged at 4,000 x g for 10 minutes, with two washing steps
using fresh media. Cultures of 200 ml were prepared with an
initial optical density (OD;s¢ nm) of around 0.5 corresponding to
biomass concentration of 0.13 mg ml~" for PCC7942 and left to
grow for 14 days. Spectrophotometric readings were obtained
using a Thermo Scientific Evolution 201 UV-Visible
spectrophotometer.

For chlorophyll content, 1 ml of culture was centrifuged at
high speed for 1 min, 0.9 ml of supernatant was removed and
0.9 ml of 99.9% methanol (Sigma Aldrich) was added, samples
were left for at least 15 min in the dark before centrifuging
again, absorbance was measured at 665 nm; an extinction
coefficient of 12.9447 ug ml~" was used for calculations.*

Photosynthesis rate was estimated by measuring oxygen
evolution in light and darkness with a Clark electrode (Hanna
Instrument® DO meter HI-2040 edge®). Gross photosynthesis
was calculated as the addition of net photosynthesis and
respiration.

Ferricyanide assay

Samples of 6 ml with a biomass concentration of 0.53 mg ml~"
(OD5s50 nm Of 2) were obtained by centrifugation (4,000 x g for 10
min). Pellets were re-suspended in a modified BG11 media
lacking ammonium iron citrate, citric acid and EDTA (BG11(—)
x3) in order to avoid redox active compounds. For measure-
ments in the dark, cultures were placed in vented flasks,
wrapped in aluminium foil and incubated for at least 3 hours
before centrifugation and resuspension. The 6 ml samples were
left to acclimatise for at least one hour before proceeding to
measure exoelectrogenic activity. Potassium ferricyanide (Sigma

This journal is © The Royal Society of Chemistry 2018
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Aldrich) was added to each sample from a 100 mM stock solu-
tion. Aliquots of 1 ml were filtered at 0, 10, 30 and 120 minutes.
The filtrate was analysed for ferricyanide spectrophotometri-
cally at 420 nm, (using an extinction coefficient of 1.052
mM cm ). Ferricyanide reduction rates were calculated by
linear regression.

Photosynthesis inhibition was imposed by adding DCMU (3-
(3,4-dichlorophenyl)-1,1-dimethylurea, Sigma Aldrich) to
BG11(—)x3. Stock solution of DCMU (9 mM) was prepared on
95% ethanol (Alfa Aesar). A volume of 11.7 ul of DCMU solution
was added to 7 ml of 0.53 mg ml " samples, for a final
concentration of 15 pM, 50 minutes before adding potassium
ferricyanide and analysed as described. 11.7 uM of 95% ethanol
was added to non-inhibited samples and no effect was found.

When necessary, BG11(—)x3 was buffered to maintain
specific pH. HEPES-NaOH was added at a concentration of
10 mM to maintain a neutral pH (pH = 7.0), and bicarbonate at
0.1 M was added to maintain alkaline pH (pH = 9.5). Blanks of
ferricyanide conversion in BG11(—)x3 were also conducted
showing no significant reduction.

pH evolution

pH evolution in iron limited and iron sufficient samples (30 ml),
and upon addition of 1 mM ferricyanide, was continuously
monitored and recorded every 30 seconds using a Picolog®
DrDAQ data logger and DD011 pH electrode.

Working electrode fabrication and operation

The electrochemical platform consisted of a working electrode
(WE) fixed at the bottom of a cylindrical chamber of 50 mm
internal diameter and with a well of 18 mm diameter (Fig. 2).
The WE had a 18 mm diameter active electrode area. A titanium
strip was placed as electrical contact for the WE. The counter
electrode (CE) was 99.9% platinum mesh (Alfa Aesar) and an Ag/
AgCl reference electrode (RE, MF-2052 RE-5B Basi®) was used.
The latter were introduced in the chamber just on the day of
measurements. The chamber assembled with the WE was
sterilised by autoclaving. To keep sterile conditions, good
ventilation and illumination, the cylinder top was covered with
a piece of transparent PET and a vented area using nitrocellu-
lose paper (0.2 um pore size), which was sealed with antibac-
terial tape.

The well of the device was inoculated with cultures of iron
limited or iron sufficient cultures (10 days old) and left to settle
down. After four days electrochemical measurements (cyclic
voltammetry) were conducted in an incubator at 30 £ 1 °C
under aerated conditions. To study the biofilms, on the day of
measurements the supernatant was carefully removed and
replaced with fresh modified media BG11(—)x3. To obtain
thinner biofilms, these were carefully washed repeated times to
remove the more loosely attached cells. For measurements
under illumination, light intensity was 90 wumol s™' m 2
Measurements in the dark were carried out after 3-4 hours of
dark adaptation. Electrochemical measurements were con-
ducted using a PalmSens MultiEmStat® four-channel potentio-
stat, integrated with the MultiTrace software.

RSC Adv., 2018, 8, 20263-20274 | 20265
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Fig. 2 Schematics and photography of device holding the working electrode.

Biofilm cryo-immobilisation and SEM imaging

To observe biofilm formation on ITO-coated glass, PCC7942 was
inoculated in a transparent tube of 10 mm diameter with a piece
of ITO-coated glass at the bottom and left to settle down. The
piece was collected and submerged in cold water to carefully
wash off non-attached cells. To observe thinner biofilms,
additional washing steps were carried out. Biofilms were
quench frozen by plunging, cell face first into melting ethane
cooled in liquid nitrogen. They were freeze dried in a Quorum/
Emitech K775X. The dried biofilms were coated with 16 nm of
iridium in a Quorum/Emitech K575X sputter coater. Biofilms
were viewed in a FEI Verios 460L operated at 2 kV and 50 pA.

Results and discussion
PCC7942 exoelectrogenesis under iron limited growth

In order to investigate extracellular electron transfer in PCC7942
for applications in photo-bioelectricity generation, the relation-
ship between iron limited growth and exoelectrogenesis was
evaluated. Iron limited and iron sufficient cultures of PCC7942
were studied in their capacity to reduce ferricyanide (FeCN-R
rates), commonly used in ferric reductase assays and as an arti-
ficial mediator in biophotovoltaics platforms.**”** The effect of
ferricyanide/ferrocyanide on the metabolism of cyanobacteria

has been described as non-toxic at low concentrations (below 50
mM), as this iron complex is impermeable to the plasma
membrane.* In this study the ferricyanide assay was conducted
for only 2 hours, thus eliminating any possible long term effect.

Culturing conditions were similar to those encountered in BPV
experiments, which typically consist of a light/dark cycle with
temperatures up to 30 °C, alkaline pH and in aerated conditions. It
has been reported that growth rates of PCC7942 do not increase
above the 100-120 pmol m™2 s~*,5%% therefore experiments were
conducted under a light intensity of 90 umol m >
high growth rates are normally obtained under continuous illu-

s~ . However,

mination and supplying air enriched in CO, (1-5%).** Therefore,
experimental conditions resulted in relative low growth rates with
doubling times of around 5 days (ESI Fig. 1f) consequently, iron
requirements (consumption) were lessened and it was observed
that PCC7942 growing in iron limited media maintained the same
growth rate as cells grown in iron sufficient conditions in the time
frame studied (14 days). Likewise, chlorophyll content was main-
tained in the same levels and photosynthetic and respiration rates
were not significantly different (ESI Fig. 11). Concomitantly, iron
limited cultures increased their exoelectrogenic capacity in time
(Fig. 3). The reduction rates of iron limited cultures in light (90
pmol m™? s™') increased from around 45 pmol(recn )
nmolgp ' min~! (Day 2) to 460 pmol(re(cn) ) NMOlcy * min~

500+ 500+
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Fig. 3 Ferricyanide reduction rates of PCC7942 (A) in iron limited conditions and (B) in iron sufficient conditions, for different days of culture

growth (assayed at pH 7.0). FeCN-R rate n = 3 + 1SE.
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(Day 14), a 10-fold increase and equivalent to a 17-fold increase
compared with the rates of iron sufficient cultures (Day 14).

In the dark, FeCN-R rates were considerably lower than those in
the light. However, it is noticeable that iron limited cultures also
experienced an increase in dark exoelectrogenesis. After 14 days,
iron limited cells developed FeCN-R rates in the dark six times
higher than those of iron sufficient cells. Increased rates in the
dark represent an important improvement for the development of
BPV platforms which will be operated in daylight/night cycles.

Rates were measured at pH 7.0 because they were found to be
higher around neutral pH (Fig. 4), even though alkaline pH (9.5)
is typical of cyanobacteria cultures. Considering the effect of pH
alone (iron sufficiency), a 2.7-fold increase in FeCN-R rates was
obtained, while a 24-fold increase is the total effect on iron
limited PCC7942 if compared to rates from iron sufficient
cultures at alkaline pH.

Proteins with a ferric reductase motif have not been described
for cyanobacteria*® To further confirm that PCC7942 does not
encode ferric reductases, its genome was queried for conserve
domains using the NCBI web-based tool Batch CD-Search.* A list
of conserved domains for all PCC7942 genes was obtained and no
proteins with the ferric reductase annotation are present.

Interestingly, the pH-dependence of the FeCN-R activity detec-
ted in PCC7942 is like that of ferric reductases in plants and algae,
with optimal pH of ferric reductases in the plasma membrane as
low as pH 5.5 (ref. 54) and inhibited at high pH.**** Regulated
paths which operate optimally at a more acidic pH as a strategy for
iron uptake is likely due to the fact that lower pH favours the
solubility of ferrous, the product of ferric reduction.® The
enhanced ferricyanide reduction capacity of iron limited PCC7942
may be indirect evidence of the proposed reductive iron acquisi-
tion system involving SomB1-irpAB-ftrl, overexpressed in iron
limited growth.*”

As reported for ferric/ferricyanide reductases in microalgae
and plants,>***%%% PCC7942 caused extracellular acidification
in unbuffered media, as a consequence of extracellular electron
transport to ferricyanide (Fig. 5). Acidification occurs due to the
polarisation of the plasma membrane and charge compensa-
tion, although other cations different to protons could be
extruded instead.® Fig. 5 shows that by adding ferricyanide in
the light phase (some noise was introduced due to disturbing
the probe), pH drops at a minimal pace. However, after the dark

HH

1
Chi

i

FeCN-R rate

[pmoI[Fe(CN)J;nmoI

- N w

o o o

o o o
I I I

pH6.0 pH7.0 pH7.8 pH9.5

Fig.4 Ferricyanide reductase activity of iron limited PCC7942 cultures
(14 days old) at different pH, under illumination. FeCN-Rraten =3 £+
1SE.
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phase, when the pH dropped due to absence of photosynthetic
activity, and in the subsequent illumination stage, the condi-
tions of pH and photosynthetic activity co-existed for high
FeCN-R rates to proceed, which in turn caused a steep drop in
pH for the iron limited condition. The latter makes buffers
necessary to keep good culturing conditions, although in
working BPV platforms, proton consumption by the air cathode
will compensate acidification.

The light-dependence of electron transfer to ferricyanide
from PCC7942 is clear, both in the ferricyanide conversion
measurements and in the pH evolution measurements. The
intracellular substrate for extracellular electron transfer in
cyanobacteria has been reported to be NAD(P)H,* which
increases under illumination due to the contribution of
photosynthesis, and in turn provides a source of electrons
(reducing power) and protons. To confirm the participation of
photosynthetic NADPH in the exoelectrogenic activity of iron
limited PCC7942, the ferricyanide assay was conducted in three
different conditions: light (90 umol m~> s~ ), light with addi-
tion of DCMU (photosynthesis inhibitor) and darkness (Fig. 6).
In the light, after addition of DCMU, FeCN-R rates were strongly
inhibited, confirming that PCC7942 exoelectrogenesis is mainly
driven by the reducing power generated in photosynthesis. The
respiratory pathway and the biosynthesis oxidative pentose
phosphate pathway are other sources of intracellular reducing
power, with generation of NADH and NADPH respectively,
which can drive dark exoelectrogenesis. Iron limitation also
induces higher rates independent of photosynthesis (dark and
DCMU inhibited), indicating that the NAD(P)H pool from these
two pathways are also available under iron limited growth.

As observed, the high FeCN-R rates obtained for iron limited
PCC7942 under illumination are strongly dependent on
photosynthesis, implying that extracellular electron transfer is
actively competing with CO, fixation. The low exoelectrogenic
activity of photosynthetic microorganisms has been discussed
and CO, fixation accounted as the main competitor for elec-
trons.'>** Our results show that by exposing PCC7942 cultures
to iron limited growth, exoelectrogenesis can favourably
compete for reducing power, suggesting that there is an active
mechanism redirecting electrons to the cell surface, possibly
involving electron transfer by IrpB (oxidoreductase), which is
overexpressed under iron starvation together with IrpA (plasma
membrane protein), ftrl (ferrous uptake) and SomB1 (outer
membrane porin), all being part of a strategy to increase iron
uptake capacity.”’

Reported value of electrons from photosynthesis redirected
extracellularly to ferricyanide is approximately 0.3% in the
cyanobacterium Synechocysistis sp. PCC6803 (wild-type)."> We
estimate a redirection of reducing power from photosynthesis
in the order of 1% by iron sufficient PCC7942 at neutral pH and
28% by iron limited PCC7942 at neutral pH (ESI eqn (1)),
considering photosynthetic oxygen production of 350 pmol
nmole, ' min~?, determined for PCC7942 in the studied
conditions (ESI Fig. 17).

Light intensity and wavelength are other factors affecting
oxygen evolution in the photosynthetic process, thus generation
of reducing power. For instance, McCormick at el.” showed that

RSC Adv., 2018, 8, 20263-20274 | 20267
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Fig. 5 pH evolution of PCC7942 cultures (Day 14) in unbuffered media with addition of 1 mM of ferricyanide (A) in iron limitation and (B) in iron

sufficiency.

red light induced the highest photosynthetic rates and the
highest power in a mediatorless BPV when using the cyanobac-
terium Synechococcus sp. WH5701. In a ferricyanide mediated
BPV platform studied by Bombelli et al,* light intensity did not
show a great influence, as it was seen that the maximum power
output was independent of light intensity, although the authors
also showed that the time to reach peak power was longer at low
light intensities. Therefore, at higher light intensities photosyn-
thesis allowed a more rapid generation of intracellular reducing
power, but ultimately the “bottleneck” is at electron export level.
The effect of light intensity over the exoelectrogenic capacity of
iron limited PCC7942 is to be studied, while higher light intensity
will increase reducing power generation, iron limitation causes
stressing conditions for photosynthesis, because there is
a minimal requirement of 22-23 iron atoms for a complete
functional photosynthetic apparatus.®® Therefore, a fine balance
between light intensity, iron limitation and extracellular electron
capture will be necessary.

Additionally, the effect of iron limitation over other metabolic
processes should be studied. Recently, PCC7942 has been
described as a potential candidate for biodiesel feedstock thanks
to its lipid composition, primary fatty acids are C16-C18, which is
suitable for good quality biodiesel.®* Unsaturated fatty acids in
PCC7942, particularly C18:1, have been reported to increase
under iron starvation.** In this way, iron starvation could serve as

! min™]

1
Chl

N w H
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o o o
! ! 1

FeCN-R rate
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[pmoI[Fe(CN)anmol

Light Light+DCMU Dark
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Fig. 6 Ferricyanide reduction rates of iron limited cultures and iron
sufficient cultures of PCC7942, in light, in light plus the photosynthesis
inhibitor DCMU and in darkness (assayed at pH 7.0). FeCN-Rraten=3
+ 1SE.
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a strategy for an integrated system with biomass growth for
biodiesel production coupled to photo-bioelectricity generation.

Comparative analysis of PCC7942 exoelectrogenic capacity

Light driven FeCN-R rates of 460 pmolge(cn) ) nmolgy " min ™"
is unprecedented for cyanobacteria (Table 1). In Synechocystis sp.
6803 deletion of all respiratory cytochrome oxidases resulted in
the rate of 45 pmol(re(cn)pnMoOlcy ' min '.** Therefore, an
intracellular redox imbalance due to blockage of terminal
oxidases due to the lack of iron is unlikely the cause of the high
rates obtained in iron limited PCC7942, which achieved rates 10
times higher than those of Synechocystis sp. 6803 respiratory
terminal oxidase (rto) mutants. In high salt, PCC6803 achieved
a reduction rate of 50 pmol(re(cn) pynMolcy* min™~*, while rto
mutants in high salt achieved the relatively high rate of 135
PMOlgre(onypymolcy + min~',% still less than a third of that
achieved by the synergistic effect of neutral pH and iron limita-
tion in wild-type PCC7942. FeCN-R rates obtained for iron suffi-
cient PCC7942 at neutral pH, especially with young cultures, are
similar to those achieved by Synechocystis sp. PCC6803 rto
mutant (low salt) and to the rates induced by high salt in wild-
type Synechocystis sp. PCC6803. The effect of neutral pH alone
resulted in rates as high as those achieved by these other
strategies.

Synechocystis sp. PCC6803 rto mutants showed similar rates in
the light and in the dark, meaning that in the dark and in high
salt rto mutants reached rates around 130 pmolgpecn) -y
nmolcy ! min~'.% In the dark, the FeCN-R rates measured for
iron limited PCC7942 were high as well, reaching 70
PMOl[re(cn) ) nmolcy, ' min~", also a significant improvement,
but it is in the light where the major contribution was made. The
latter shows how the strategies are based on different and parallel
approaches. While rto mutants inhibit respiration, diverting
reducing power mainly from respiration, iron limitation
resulted in diversion of reducing power directly from
photosynthesis.

The outer membrane cytochrome OmcS has been proven to
reduce Fe(m) oxides,* and when introduced into PCC7942, it
demonstrated to also reduce ferricyanide. In the PCC7942 strain
harbouring the OmcS, FeCN-R rates were improved to 35
pmolfre(cn),ynmolcy + min ', only 2 times higher than the

This journal is © The Royal Society of Chemistry 2018
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Table 1 Strategies to induce higher ferricyanide reductase activity in photosynthetic microorganisms. Rates are presented in two equivalent
units in order to compare with reported values and within microalgae and cyanobacteria. All studies were conducted at 30 °C except C.
reinhardtii which was conducted at 20 °C. The control for FeCN-R rates in PCC7942 is iron sufficient cultures at alkaline pH

Ferricyanide reduction rate in the light

pmMOlre(cn) - uWmoljpe(cny, - Fold change in Modification/ Light Intensity
Ref. Microorganism nmolgy, ! min~ mgcn T h™t respect to control Conditioning pmol m™2 s™*
12 Synechocystis 45 3.2-Fold rto mutant 40 (red)
PCC6803
65 Synechocystis 50 3-Fold High salt 200 (white)
PCC6803
65 Synechocystis 135 8-Fold rto mutant + 200 (white)
PCC6803 high salt
48 S. elongatus 35 2-Fold Genetically 80 (white)
PCC7942 engineered (OmcS)
61 C. reinhardtii 130 10-Fold Iron starved 200 (white)
This study C. vulgaris 30.3 £ 0.8 2.2-Fold Iron starved 90 (white)
This study PCC7942 52.3 £ 0.9 2.7-Fold Neutral pH 90 (white)
This study PCC7942 461 + 15.0 31 +1.0 24-Fold Iron starved + 90 (white)
neutral pH

rates for the wild-type.*® The latter indicates that in addition to
the introduced outer membrane c-type cytochrome, there is
a constitutional mechanism redirecting electrons to the outer
membrane, which was available for the c-cytochrome to react.
Under normal conditions, this activity is low, but under stress
conditions, such as neutral pH and especially in iron starvation,
this reductive mechanism is enhanced. Iron limited PCC7942
(wild-type) achieved rates over 13 times higher than PCC7942
harbouring OmcS, therefore the sole incorporation of cyto-
chromes in the outer membrane is not sufficient to achieve
rates like those induced in iron limitation, which triggers an
intracellular redirection of electrons to the extracellular.

In relation to FeCN-R activity in microalgae, which are known
to possess ferric reductases in the cell surface, higher values have
been reported for C. reinhardtii.* Nonetheless, light intensities
and spectrum (colour) differ in the different studies, implying
that rates in the light might be not entirely comparable. For
instance, C. reinhardtii was tested under a light intensity of 200
umol m~2 s * (white light), which was more than twice this study.
In order to compare to microalgae in the same conditions, as part
of this investigation the microalgae C. vulgaris grown in the same
conditions than PCC7942 was evaluated (ESI Fig. 2+), finding that
the FeCN-R activity of iron limited C. vuigaris (ESI Fig. 3T) was
similar to that of iron limited PCC7942.

Screening for other cyanobacteria
deficiency-induced exoelectrogenesis is a way forward. A ther-
mophilic strain of the species Synechococcus elongatus was re-
ported to increase ferric-EDTA reduction rates in iron starvation
(3 days). These rates were very low if compared to the FeCN-R
rates, but still there was a 10-fold increment,* implying the
trait could be common among the species.

strains with iron-

Mediatorless electrochemical detection of extracellular
activity in PCC7942

While using ferricyanide as a redox shuttle facilitates the
transfer of electrons from the cyanobacterial cell to the anode,

This journal is © The Royal Society of Chemistry 2018

mediatorless systems are more sustainable. Ferricyanide is
a small molecule and it can cross porin channels in the outer
membrane, accessing to the periplasm and plasma membrane.
However, ferricyanide could also be reacting at the outer
membrane. The latter is exemplified by the increase in FeCN-R
rates by PCC7942 with the sole incorporation of the c-
cytochrome OmcS in the outer membrane.*®

Voltammetry studies of cyanobacteria on graphite rods
functionalised with immobilised redox mediators (osmium and
azine redox polymers) showed slightly higher peak currents in
the light than in the dark, but the signal still corresponds to that
of the mediator.”” Despite of mediatorless photo-bioelectricity
generation being demonstrated for a variety of photosynthetic
microorganisms, an electrochemical characterisation of the
redox complexes involved in their exoelectrogenic capacity has
been elusive.

To investigate and characterise the mediatorless redox
interaction of PCC7942 on an electrode, biofilms were prepared
by leaving cells to grow over ITO-coated glass at the bottom of
an electrochemical device (as shown in Fig. 2). SEM images
showed the effect of repeated washing steps on the thickness of
the biofilm (Fig. 7(A)). Fig. 7(B) pictures the working electrodes
with thick (left) and thin (right) biofilms, as observed, it is clear
to see at the naked eye that by washing off the loosely attached
cells the biomass density was reduced.

Cyclic voltammetry of biofilms of PCC7942, in absence of any
mediator, showed electrochemical activity in the dark and in
the light (Fig. 8, 9 and 10). As expected, biofilms under illumi-
nation were more reactive (Fig. 10) and thinner biofilms
generated smaller currents (Fig. 9). In the dark, only thick bio-
films showed significant currents.

In the dark (Fig. 8), the potential detected at zero current
(OCP vs. Ag/AgCl) was around 0.18 V vs. Ag/AgCl for both iron
limited and iron sufficient biofilms. No plateau current was
observed, nor a clear anodic peak within the potential window
studied. However, an increase in the current signal is observed,

RSC Adv., 2018, 8, 20263-20274 | 20269
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Fig. 7 (A) SEM images of PCC7942 biofilms on ITO-coated glass, biofilm with gentle washing (left) and biofilm with repeated washing (right). (B)
Photography of working electrodes with thick biofilm (up) and thin biofilm (bottom) by washing off loosely attached cells.
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Fig.8 Cyclic voltammogram obtained in darkness from PCC7942 thick biofilms on ITO-coated glass, without artificial redox mediator in (A) iron
limitation and (B) iron sufficiency. Measurements conducted in darkness at 30 °C (pH 7.30-7.40). Scan rate 1 mV s~ Initial potential [OCP - 50
mV] vs. Ag/AgCL. Devices were inoculated with the same amount of biomass; however, the density of attached cells might differ.
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Fig.9 Cyclic voltammogram obtained under illumination from thick PCC7942 biofilms on ITO-coated glass, without artificial redox mediator in
(A) iron limitation and (B) iron sufficiency. Measurements conducted in light at 30 °C (pH 7.30—-7.40). Scan rate 1 mV s~ . Initial potential [OCP —
50 mV] vs. Ag/AgCL. Devices were inoculated with the same amount of biomass; however, the density of attached cells might differ. Insets: first
derivative di/dE current change over potential.

particularly in iron limited biofilms. In the back sweep, sweep biofilms were reduced and as potentials were swept
cathodic currents appeared at high positive potentials. All forward, anodic currents appeared at around 0.0 V vs. Ag/AgCl.
indicating that biofilms adapted in the dark were in a pseudo This potential, 0.0 V vs. Ag/AgCl, coincides with the potential
oxidised state, hence accepting electrons. However, in the back at zero current when biofilms were illuminated (Fig. 9).

20270 | RSC Adv., 2018, 8, 20263-20274 This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Cyclic voltammogram obtained under illumination from thin PCC7942 biofilms on ITO-coated glass, without artificial redox mediator in
(A) iron limitation and (B) iron sufficiency. Measurements conducted in light at 30 °C (pH 7.30—-7.40). Scan rate 1 mV s, Initial potential [OCP —
50 mV] vs. Ag/AgCL. Devices were inoculated with the same amount of biomass; however, the density of attached cells might differ. Insets: first

derivative di/dE current change over potential.

However, a large activation polarisation loss was seen, espe-
cially in the iron sufficient biofilm, implying sluggish kinetics.
It can be observed that in the region of 0.1-0.2 V vs. Ag/AgCl,
iron limited biofilms showed an increased in currents while
iron sufficient biofilms currents remained lower. However,
a large increase in currents developed at higher potentials for
both iron limited and iron sufficient biofilms, with a starting
potential around 0.20 V vs. Ag/AgCl and a marked midpoint
potential around 0.22 V vs. Ag/AgCl, which in turn coincides
with the potential region that biofilms adapted in the dark
showed the initial potential value. The midpoint potential is
better visualised in the first derivative of the current (insets
Fig. 9). It appears that PCC7942 biofilms may present two
distinctive electroactive regions. Nonetheless, higher reactivity
happens in the potential region 0.20-0.25 V vs. Ag/AgCl.

Remarkably, biofilms grown from iron limited cultures showed
in general larger anodic currents in both dark and light conditions,
demonstrating that the enhanced exoelectrogenic activity in iron
limited PCC7942 is, at least partially, independent of a soluble
artificial redox mediator. Interestingly, illuminated iron limited
biofilms were able to sustain currents at higher potentials in
a similar fashion to that seen in exoelectrogenic bacteria
(sigmoidal-like curve), meaning saturating levels of electron donor
and limiting current due to the catalytic rates of enzymatic activity
(Vinax)-%>° Differently, currents in iron sufficient biofilms drasti-
cally dropped, showing a pronounced peak, in a diffusion-limiting
fashion.®® In the case of biofilms, the availability of electron donor
at the electrode is the result of intracellular processes, which for
bacteria also depend on the diffusion of an organic substrate, but
in the case of photosynthetic biofilms, the availability of electron
donor is not readily manipulated and it depends on the conditions
of photosynthetic growth, mainly light intensity, but an external
substrate diffusion step is not present, eliminating some
complexity in the analysis. Therefore, the current drop is likely due
to an exhausted biofilm, meaning that electrons are not being
replenished at a fast-enough rate and indicating there might be
a metabolic limitation. This metabolic limitation can be exacer-
bated in thick biofilms, where the deeper layers are shaded,
affecting photosynthetic rates.

This journal is © The Royal Society of Chemistry 2018

When thinner biofilms of PCC7942 were tested, the magni-
tude of the currents was lower. The resulting voltammograms
are shown in Fig. 10. Compared with the thicker biofilms
(Fig. 9), there is a substantial difference in current densities,
demonstrating that the thicker biofilms provided a larger elec-
tron pool and demonstrating that relay of electrons in cell to cell
interaction occurred. In Fig. 11 is observed that biofilms of
PCC7942 form an intricate extracellular matrix and evident pilus
structures interconnecting the cells are seen. The capacity of
extracellular electron transfer in bacteria has been associated
with electrical conductive nanowires (pili), which have been
characterised in S. oneidensis and in G. sulfurreducens.>®” Cell to
cell interaction allegedly allows electron relay through the
biofilm.

In comparison with thick biofilms, activation polarisation
losses were lower and further analysis of the first derivative plot
(insets Fig. 10), confirmed that there was higher activity in the
region of the first peak in respect to the second peak. Further-
more, the first electroactive region is also observed in the iron
sufficient biofilm. It can be concluded that thick biofilms
conferred higher resistivity, possibly related to cells reacting in
distant layers.

1/2016 | dwell HV HFW wD det | cur | it
4:47:31PM | 1ps .00 kV  21.2pm  5.6mm TLD 50pA 0°

%

Fig. 11 SEM image of PCC7942 biofilm showing pili structures
allowing cell to cell interactions.
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Iron limited thin biofilms showed a similar waveform to
thick biofilms, showing a tendency to plateau currents. Differ-
ently, in the iron sufficient biofilm, a pronounced peak was not
seen, but there was the corresponding mid-point potential peak
(visible on the inset). Therefore, it appears that light penetra-
tion had an impact on electron availability. Nonetheless, there
was an obvious higher resistivity on iron sufficiency (poor
charge transfer) compared with iron limitation. The latter
reached V., while the iron sufficient biofilm required higher
overpotentials to drive larger currents.

To the best of our knowledge this is the first time that
a cyanobacterial biofilm shows a clear electrochemical active
region in a mediatorless system, showing an electrochemical
signature of complexes at the outer membrane level. Using
electrochemical techniques like voltammetry will facilitate the
search for adequate microorganisms and electrode materials.

It is remarkable that iron starvation generated an intracel-
lular electron pool available extracellularly in a saturated-like
manner, indicating that the pathway involved was very active
in redirecting electrons to the extracellular environment.
Furthermore, it was proven that the exoelectrogenic mechanism
behind iron limitation might be involved in a pathway acting at
outer membrane level. The electrochemical active regions of
iron sufficient biofilms were the same, therefore the mediator-
less detection of electricity in PCC7942 (normal conditions) is
possibly due to the basal activity of the alleged reductive iron
acquisition system. All in all, PCC7942 can be used in the more
sustainable mediatorless platforms for photo-bioelectricity
generation and iron limited growth is a tool which can be
exploited to increase current densities.

Conclusions

The present investigation has demonstrated that the exoelectro-
genesis capacity of PCC7942 can be conditioned by means of
environmental factors. Remarkably, PCC7942 grown in iron
limited conditions acquires significantly enhanced exoelectro-
genic capacity, which is higher at neutral pH, comparable to that
of ferric reductases in algae. The use of ferricyanide as a mediator
facilitates the transfer of electrons from the cell envelope,
however it was shown that PCC7942 mediatorless interaction
with an electrode is also enhanced in the iron limited condition.

Iron limited PCC7942 exoelectrogenesis confers good prop-
erties for the operation of biophotovoltaics, in terms of a higher
electron availability and in terms of the pH of the system, which
will improve both the anodic and the cathodic potential. Exoe-
lectrogenic capacity in PCC7942 is mainly photosynthesis
driven with redirection of electrons directly from the light
reactions. Nonetheless, the increased exoelectrogenic activity
detected in the dark is also a significant improvement for
a light-driven platform. Bioelectricity generation conditioned by
iron limitation demonstrates a way to externally manipulate the
metabolism of cyanobacteria to increase current densities,
providing a starting point to engineer the system for constitu-
tive high exoelectrogenic capacity. We envision the develop-
ment of a technology using the exoelectrogenic capacity of
cyanobacteria to recover energy from photo-bioreactors for
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generation of bio-products, for instance biodiesel, improving
the sustainability of the process.
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