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ABSTRACT: Optogenetics is a powerful tool for spatiotemporal control b3

of gene expression. Several light-inducible gene regulators have been . l_l\ o s
developed to function in bacteria, and these regulatory circuits have been //_D,A-J‘J::H al_y q,:,[;\
ported to new host strains. Here, we developed and adapted a red-light- o sap. HPHCPUS et g
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inducible transcription factor for Shewanella oneidensis. This regulatory
Electron acceptors

circuit is based on the iLight optogenetic system, which controls gene
expression using red light. A thermodynamic model and promoter
engineering were used to adapt this system to achieve differential gene
expression in light and dark conditions within a S. oneidensis host strain.
We further improved the iLight optogenetic system by adding a repressor I ~
to invert the genetic circuit and activate gene expression under red light . & e e o

illumination. The inverted iLight genetic circuit was used to control 0 E::;ngio:g?ixghtgroe'(:)(r)ess:ﬁ;)gl’ 15000 Eleec;roi.accepet;)rs
extracellular electron transfer within S. oneidensis. The ability to use both

red- and blue-light-induced optogenetic circuits simultaneously was also demonstrated. Our work expands the synthetic biology
capabilities in S. oneidensis, which could facilitate future advances in applications with electrogenic bacteria.
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B INTRODUCTION al, developed a native inducible system to tune the expression

Optogenetics combines light-sensitive proteins and genetic level of one multiheme cytochrome—porin complex (MtrCAB)

M
techniques to control cellular processes within living to contro.I EET capabilities. 'In anf)ther Sde’ clustered
organisms.' Synthetic optogenetic circuits can be constructed regularly interspaced short palindromic repeats interference
to tune gene expression with light-responsive transcription (CRISPRi) and small regulatory RNA (sRNA) were used to

factors." In recent years, optogenetic circuits have been repress the transcription and translation of mtrA to regulate
developed to control gene expression in bacteria in response EET efficiency.”® Recently, Dundas et al,, developed chemi-
to illumination with blue, green, red, or near-infrared Iight.z_7 cally induced transcriptional logic gates to control the EET flux
Optogenetic circuits have been utilized to control gene of S. oneidensis by tuning the transcription and translation of
expression to regulate many microbial processes, such as EET-related genes.27 A plasmid toolkit with different
biochemical production,*”"" biofilm formation,'”"* and promoters and replication origins was characterized and
bacterial infection.'* Although optogenetics has been imple- utilized to control cytochrome expression in S. oneidensis for
mented in model bacteria, such as Escherichia coli,*'* Bacillus EET regulation.zg The EET pathway of S. oneidensis has also

subtilis,"> and Pseudomonas aeruginosa,14’16 there is still a need
to extend these systems to other hosts for specific microbial
processes.

Shewanella oneidensis MR-1 is a model electroactive
organism, whose extracellular electron-transfer (EET) path-
ways have been well studied.'”"® EET within S. oneidensis MR-
1 utilizes a network of multiheme c-type cytochromes to route
electrons from the cellular interior to external electron
acceptors."”~>* Synthetic biology strategies have been
developed to regulate the EET capabilities of S. oneidensis,
such as using genetic circuits to control the genes encoding the
multiheme c-type cytochromes of the EET pathway. West et

been reconstructed successfully in E. coli through heterologous
expression of the related genes encoding the c-type
cytochromes.”*°
synthetic biology approaches in S. oneidensis, the use of

Despite these advances in establishing
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Figure 1. Characterization of the iLight genetic circuit in S. oneidensis and E. coli. (A) Single plasmid iLight genetic circuit contained iLight
repressor, iLight reporter, and iLight cofactor. The RFP reporter measures light-regulated gene expression and sfGFP measures the expression level
of the iLight repressor. (B) RFP fluorescence intensity measurements of iLight reporter expression in S. oneidensis and E. coli cultured under red
light and dark conditions, respectively. p = 0.7462 for S. oneidensis light vs S. oneidensis dark and p = 0.0006 for E. coli light vs E. coli dark (two-tailed
unpaired t-test). (C) GFP fluorescence intensity measurements of iLight repressor expression in S. oneidensis and E. coli. p = 0.0005 for S. oneidensis
vs E. coli (two-tailed unpaired t-test). The measurements (mean + SD) were derived from triplicate experiments. a.u., arbitrary units. Significance is

indicated as ***p < 0.001 and ns (not significant) p > 0.0S.

optogenetic gene circuits to control EET has not been
implemented.

S. oneidensis can transfer electrons through cytochromes on
the nanometer scale and can also form living conductive
biofilms for long-distance electron transg)ort across neighbor-
ing cells on the micrometer scale.’ > We previously
developed a lithographic strategy to pattern conductive
biofilms of S. oneidensis, using the blue-light-induced genetic
circuit pDawn to control cell aggregation.”® This technique
enabled tunable current generation by varying the dimensions
of the electroactive biofilms. Since our previous work showed
the potential of using optogenetics to pattern electrogenic
microbes on the micrometer scale, adapting additional
optogenetic systems for S. oneidensis could enable new
strategies to control EET and develop advanced living
electronics.*

A recently published paper developed a single-component
red-light-induced optogenetic system, named iLight, for
transcriptional regulation in E. coli.”> We developed and
adapted this iLight optogenetic system into S. oneidensis using a
thermodynamic model to inform promoter engineering. Then
we improved the iLight optogenetic system by introducing a
genetic inverter to activate the gene expression using red light
in S. oneidensis. Finally, we used this iLight genetic circuit to
control the expression of cytochromes and regulate the EET
activity of S. oneidensis. Our work demonstrated a new circuit
to control gene expression in S. oneidensis using red light and
demonstrated light-induced EET activity of S. oneidensis.

B RESULTS

Importing the iLight Optogenetic System to S.
oneidensis. The iLight optogenetic system was originally
developed and optimized in E. coli.*® It consists of a plasmid
that encodes a light-sensitive repressor. The repressor is a
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chimeric protein containing a LexA408 DNA-binding domain
fused to a photosensory domain IsPadC-PCM and sfGFP,
henceforth referred to as “iLight repressor”. An RFP reporter
gene is regulated by the iLight repressor (Figure 1A). The
proposed mechanism of action for the iLight optogenetic
system is that red light induces tetramerization of the iLight
photosensory module, which enables the LexA408 DNA-
binding domains to form active transcription factor dimers.*”
The iLight photosensory module requires the tetrapyrrole
biliverdin IXa (BV) as the chromophore to enable the light-
responsive function of the iLight repressor (Figure S1). In our
system, the hol gene, a heme oxygenase from Synechocystis sp.
PCC6803,” is expressed from the iLight plasmid for BV
synthesis (Figure 1A).

We then tested this single plasmid iLight genetic circuit in E.
coli and S. oneidensis. In E. coli, RFP fluorescence measure-
ments confirmed that the iLight genetic circuit repressed the
expression of the RFP reporter gene under the illumination of
red light (Figure 1B). When cultured in the dark, the RFP
expression was derepressed, resulting in a 40-fold increase in
RFP expression (Figure 1B). However, in S. oneidensis
transformed with the iLight plasmid, the expression level of
the RFP reporter was similar in both cells cultured in red light
and in the dark (Figure 1B). To determine if this circuit failure
was caused by limited expression of the iLight repressor in a
new host, we measured expression using sfGFP fusion to
iLight. The expression level of the iLight repressor in S.
oneidensis was much lower than in E. coli (Figure 1C). We
hypothesized that the low expression of the iLight repressor
could be the reason the iLight genetic circuit did not result in
light-regulated gene expression in S. oneidensis.

Adjusting the Expression Level of the iLight
Repressor. The expression of the iLight repressor was much
lower in S. oneidensis than in E. coli, suggesting that differential
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Figure 2. Adapting the iLight optogenetic system for S. oneidensis. (A) Site-directed mutagenesis of the promoter to tune expression of the iLight
repressor. (B) Expression of the iLight repressor in S. oneidensis from these promoters, as measured via expression of cotranscribed sfGFP. (C) Fold
changes of the iLight reporter (dark/red light) in S. oneidensis strains containing different promoters of the iLight repressor. The measurements
(mean + SD) were derived from triplicate experiments. a.u., arbitrary units.
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Figure 3. Characterization of the noninverted iLight genetic circuit iLight-J23102 and the inverted iLight genetic circuit iLight-J23102(PhIF
repressor) in S. oneidensis. (A) Genetic circuit of noninverted iLight-J23102. (B) Genetic circuit of the inverted iLight-J23102(PhIF repressor).
This circuit was generated by adding the gene of a second repressor PhIF and its cognate promoter to the genetic circuit iLight-J23102. The
transcription of the PhIF repressor gene is controlled by the iLight repressor, while the transcription of the RFP reporter gene is repressed by the
PhIF repressor. (C) REP fluorescence intensity measurements of iLight reporter expression in the noninverted iLight-J23102 strain cultured under
red light and dark conditions, respectively. p = 0.0006 for light vs dark (two-tailed unpaired t-test). (D) RFP fluorescence intensity measurements
of iLight reporter expression in the inverted iLight-J23102(PhIF repressor) strain cultured under red light and dark conditions, respectively. p <
0.0001 for light vs dark (two-tailed unpaired t-test). (E) Microscopic observation of iLight reporter and iLight repressor for noninverted iLight-
J23102 cells cultured under red light and dark conditions, respectively. (F) Microscopic observation of iLight reporter and iLight repressor for
inverted iLight-J23102(PhIF repressor) cells cultured under red light and dark conditions, respectively. Scale bars: 10 ym. The measurements
(mean + SD) were derived from triplicate experiments. a.u., arbitrary units. Significance is indicated as ***p < 0.001 and ****p < 0.0001.
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Figure 4. Using an iLight-J23102(PhIF repressor) genetic circuit to control the outer membrane cytochrome MtrC expression for light-induced
EET activity in S. oneidensis. (A) EET pathway of S. oneidensis MR-1 and the genetic circuit of iLight-MtrC, which used the iLight-J23102(PhIF
repressor) genetic circuit to control MtrC expression. (B) Iron reduction assay for the iLight-MtrC strain, AmtrCAomcA, and wild type with blank
plasmid iLight-J23102(PhIF repressor) after being cultured under red light and dark conditions, respectively. (C) Methyl orange decoloration assay
for iLight-MtrC strain, AmtrCAomcA, and wild type with blank plasmid iLight-J23102(PhIF repressor) after being cultured under red light and
dark conditions, respectively. (D) CV curves for the iLight-MtrC strain after being cultured under red light and dark conditions, respectively. The

inset graph shows the average limiting current from CV measurements of three biological replicates. Data show mean

experiments.
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gene expression in light and dark conditions might depend on
the level of repressor expression. To test this hypothesis, we
first developed a thermodynamic model to predict how the
expression level of the iLight repressor impacts the fold change
of the iLight reporter when exposed to dark and light
conditions (see Supporting Information and Figure S2). The
thermodynamic model’*™*" investigates RFP gene expression
considering the binding probabilities of RNA polymerase and
iLight repressor molecules to the promoter region in red light
and dark conditions (Figure S2A). Additionally, it assumes that
the dimeric form of the iLight repressor in dark exhibits a
nonzero, but lower, probability of binding to the specific site
compared to the tetrameric form in red light. We found that
the fold change in gene expression was largest for intermediate
expression levels of iLight repressor (Figure S2B,C), suggesting
that increasing expression of the iLight repressor might
improve the performance of this optogenetic circuit within S.
oneidensis.

The expression of the iLight repressor was modified by site-
directed mutagenesis of the promoter region (Figure 2A). The
original promoter J23116 is weak.”” Based on the Anderson
promoter collection (http://parts.igem.org/Promoters/
Catalog/Anderson), the promoter of the iLight repressor was
mutated to achieve a broad range of expression levels. As
shown in Figure 2B, the modified promoters varied in
expression of the iLight repressor over 44-fold. Expression of
the RFP iLight reporter gene in both light and dark conditions
was measured for each of these promoters (Figure S3).
Promoters J23102 and J23108, which expressed intermediate
levels of the iLight repressor, showed the largest fold change of
the iLight reporter (Figure 2C). The fold changes of the iLight
reporter (dark/red light) were around 12 for both iLight-
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J23102 and iLight-J23108 (Figure 2C). We also tested the
performance of these iLight genetic circuits with modified
expression of the iLight repressor in E. coli. The fold change in
expression of the iLight reporter decreased to 1 at high levels
of iLight repressor expression (Figure S4). Unlike in S.
oneidensis, the weakest promoters resulted in fold changes
above 20, likely due to these weak promoters having higher
expression in E. coli than in S. oneidensis. In summary,
implementation of the iLight optogenetic system for use in S.
oneidensis required the adjustment of the expression level of the
iLight repressor.

Creating an Inverted iLight Optogenetic System for
Light-Activated Gene Regulation. The iLight optogenetic
system could work in S. oneidensis MR-1 after adjusting the
expression level of the iLight repressor. In the original report,
the iLight system was used to repress gene expression in E. coli
with red light (Figure 3A), but other optogenetic circuits have
been modified for both activation and repression with light
inputs. Next, we improved the iLight optogenetic system to
activate the target gene expression through red light
illumination in S. oneidensis MR-1.

To accomplish this, we incorporated the iLight repressor
into an inverter genetic circuit by adding a second repressor.
Expression of the second repressor regulates the target gene
and is regulated by the iLight repressor. After red light
illumination, the expression of this second repressor is
repressed by the iLight repressor, resulting in derepression of
the target gene (Figure 3B). We tested three different
repressors, the A phage repressor cI and the TetR-family
repressors PhIF and SrpR,"” with their cognate promoters to
invert the iLight-J23102 genetic circuit. All three repressors
resulted in increased expression of the target gene in response
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Figure 5. Introduction of two optogenetic systems, iLight and pDawn, into S. oneidensis. (A) Microscopic observation of RFP and GFP reporters
for S. oneidensis cells with both iLight and pDawn genetic circuits cultured under red and blue light conditions, respectively. Scale bar 10 ym. (B)
Fluorescence intensity measurements of RFP and GFP reporters in S. oneidensis cells with both iLight and pDawn genetic circuits cultured under
red light, blue light, and dark conditions, respectively. The measurements were performed by a plate reader (Infinite 200 PRO, Tecan). Data shows
mean =+ SD from triplicate experiments. a.u., arbitrary units. p = 0.0001 for fluorescence intensity of RFP reporter under red light vs under blue
light. p < 0.0001 for fluorescence intensity of RFP reporter under red light vs under dark. p = 0.0633 for fluorescence intensity of RFP reporter
under blue light vs under dark. p = 0.0002 for fluorescence intensity of GFP reporter under blue light versus under red light. p < 0.0001 for
fluorescence intensity of GFP reporter under blue light vs under dark. p = 0.0001 for fluorescence intensity of GFP reporter under red light vs
under dark. Two-tailed unpaired t-test was used for statistical analyses. Significance is indicated as ***p < 0.001, ****p < 0.0001, and ns (not

significant) p > 0.0S.

to red light (Figures 3D and SSA—C). The fold changes of
iLight reporter RFP between red light and dark conditions
were 16 for cI repressor, 20 for PhIF repressor, and 12 for
SrpR repressor (Figures 3D and SSA—C). Microscopic images
showed that the noninverted iLight-J23102 cells had strong red
fluorescence after being cultured under dark but weak
fluorescence after being cultured with red light (Figure 3E),
as expected for light-induced repression of gene expression.
The microscopic images of the inverted iLight-J23102(PhIF
repressor) strain showed that the cells had strong red
fluorescence after being cultured with red light but weak
fluorescence after being cultured in the dark (Figure 3F), as
expected for light-induced activation of gene expression.
Introduction of the iLight optogenetic system into S. oneidensis
did not have an obvious detrimental effect on cell growth rate
(Figure S6). We also found that inverting the iLight-J23108
genetic circuit using the cI repressor resulted in a 5-fold change
in reporter gene expression (Figure SSD), which was much
lower than that of inverting iLight-J23102 (Figure SSA). The
reason for this could be higher leaky expression of the inverting
repressor (cI) for iLight-J23108 relative to iLight-J23102 under
red light condition (Figure S3). We selected the iLight-
J23102(PhIF repressor) genetic circuit, which had the highest
fold change, for subsequent experiments.

Taken collectively, we inverted the iLight optogenetic
system to activate the target gene expression under red light
illumination in S. oneidensis, and the fold change was increased
compared with the noninverted iLight genetic circuit.

Extracellular Electron-Transfer Activity of S. oneiden-
sis Can Be Regulated with Red Light. S. oneidensis MR-1
can transport electrons from cytosolic metabolism to external
electrodes using an EET pathway involving c-type cytochromes
located in the inner membrane, periplasm, and outer
membrane'® (Figure 4A). To determine if we can control
the EET activity of S. oneidensis by using light, we used the
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iLight optogenetic system to control the expression of multiple
cytochromes within this EET pathway. We constructed a S.
oneidensis strain iLight-MtrC, which utilized the inverted
iLight-J23102(PhIF repressor) genetic circuit to activate the
expression of the outer membrane cytochrome MtrC with red
light (Figure 4A). The genetic background for this strain is S.
oneidensis AmtrCAomcA*' in which the key genes encoding
outer membrane cytochromes were deleted from the genome.
MtrC expression from the promoter was evaluated by
measuring the RFP fluorescence under aerobic conditions
due to the RFP gene cotranscribed from the same promoter
(Figure 4A). As expected, RFP fluorescence was higher when
culturing the iLight-MtrC strain under red light illumination,
than when cultured in the dark (Figure S7). A heme-stained
protein gel showed that the iLight-MtrC strain had a band
corresponding to MtrC when cultured aerobically under red
light, which was comparable to the MtrC bands of wild type
cultured either under red light or in the dark (Figure S8). The
iLight-MtrC strain had no visible band of MtrC cytochrome
when grown in the dark (Figure S8). The results collectively
suggest that MtrC could be expressed under red light
illumination with a very low expression in the dark.

Next, EET activity was measured for the iLight-MtrC strain
cultured under light and dark conditions by using colorimetric
assays for extracellular redox activity. S. oneidensis can perform
anaerobic respiration by reducing a wide range of external
terminal electron acceptors.””~*” We utilized iron citrate and
methyl orange (MO) as the electron acceptors to measure the
Fe’* and azo dye reduction capabilities of the iLight-MtrC
strain. As shown in Figure 4B,C, the iLight-MtrC strain had
much higher Fe’* and MO reduction rates when cultured
under red light than those of iLight-MtrC grown in the dark.
The reduction activities of red-light-illuminated iLight-MtrC
cells were comparable with those of wild-type cells cultured
either under red light or in the dark. The reduction activities of
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iLight-MtrC cells grown in the dark were as low as those of
AmtrCAomcA cultured either under red light or in the dark
(Figure 4B,C). Slightly higher MO reduction rates of the wild
type and AmtrCAomcA were observed when cultured under
red light. There is no clear explanation for this small increase in
activity. The larger change in redox activity of the iLight-MtrC
strain indicates that the reduction activity switches from
AmtrCAomcA to wild-type levels under red light conditions.

Finally, we performed electrochemical measurements to
determine whether light-induced expression of MtrC would
modulate current production in S. oneidensis biofilms. Cells
were grown in bioreactors with planar indium tin oxide (ITO)-
coated glass coverslips as the bottom with or without red light
illumination. Cyclic voltammetry (CV) was performed for the
biofilms on the ITO electrodes. As shown in the cyclic
voltammetry curves in Figure 4D, we found a higher current
for the red-light-illuminated iLight-MtrC cells than for the
same strain grown in the dark. The average limiting currents
from cyclic voltammetry measurements of three biological
replicates were 180 nA for red-light-illuminated cells and 110
nA for cells cultured under dark conditions (Figure 4D inset
graph).

We also constructed a S. oneidensis strain iLight-STC to use
the iLight-J23102(PhIF repressor) genetic circuit to control
expression of the periplasmic small tetraheme cytochrome
(STC, encoded by the gene cctA)* by red light within .
oneidensis AstcAfccA. STC could be expressed under red light
illumination with very low expression in the dark (Figure S9A).
The Fe’* reduction activities of the iLight-STC strain could
also be controlled by red light (Figure S9B). These results
demonstrate that we can regulate the EET activity of S.
oneidensis using optogenetic circuits that regulate the
expression of cytochrome in different cellular locations.

Introduction of Two Optogenetic Systems, iLight and
pDawn, into S. oneidensis. We then checked if S. oneidensis
could simultaneously utilize two different light-regulated
genetic constructs to respond to different wavelengths of
light. To achieve this, we introduced the blue-light-induced
pDawn’® genetic circuit to control GFP expression and the red-
light-induced iLight genetic circuit to control RFP expression
within S. oneidensis. The iLight circuit used here did not have
sfGFP fusion to the iLight repressor. We also changed the
antibiotic resistance of iLight genetic circuit from spectinomy-
cin to kanamycin to make pDawn and iLight genetic circuits
compatible (Tables S1 and S2). As we expected, S. oneidensis
cells containing both iLight and pDawn genetic circuits had
strong red fluorescence when cultured under red light
illumination and strong green fluorescence when cultured
under blue light illumination (Figure SA,B). A small amount of
expression of the RFP and GFP were triggered by blue light
and red light, respectively, although there was no significant
difference of RFP between blue light and dark (Figure SB).
Expressions of both RFP and GFP under the dark conditions
were very weak (Figure SB). Expressions of RFP and GFP
under red light and blue light were reduced in the dual light
sensor system compared to that in the single light sensor
(Figure S10). Overall, these results indicated that the inverted
iLight genetic circuit could work together with the blue-light-
induced pDawn genetic circuit to control the expression of two
different genes with two different colors of light.
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B DISCUSSION

We developed and adapted a red-light-induced genetic circuit
for S. oneidensis MR-1 based on a previously reported iLight
optogenetic system.”> Through modeling and experimental
tests, we found that the iLight genetic circuits required an
intermediate level of the light-responsive repressor to function
properly for light-regulated gene expression. Low expression of
the iLight repressor resulted in insufficient formation and
binding of the repressor tetramer under the red light condition,
which led to insufficient repression of the iLight reporter. High
expression of the iLight repressor resulted in repression of the
regulated gene under both dark and light conditions, as the
large concentration of the repressor compensated for the weak
binding of the repressor in the dark state. This work
demonstrated how the expression levels of transcription factor
proteins can be critical to the function of a genetic circuit, and
a similar promoter optimization may be needed to adapt the
iLight optogenetic system in other bacterial host strains.

To expand the regulatory capability of the iLight system in S.
oneidensis, we inverted the iLight genetic circuit by adding an
additional repressor to activate the gene expression by red light
(Figure 3). We selected three different repressors with their
cognate promoters.”’ Inverting iLight with cI and PhIF
repressors achieved a higher expression of RFP than with a
circuit using the SrpR repressor. The fold changes in gene
expression were greater in the inverted iLight genetic circuit
containing cI and PhIF repressors than in the noninverted
iLight. The reason could be that the cognate promoters of cI
and PhIF repressors are stronger than the ColE promoter, so
expression levels of RFP are higher in inverted iLight under red
light than that of noninverted iLight under dark. A similar
trend was observed for the blue-light-induced pDawn and
pDusk genetic circuits.”

Prior efforts to regulate the EET activity of S. oneidensis
usually depended on using chemically induced genetic circuits
to control the expression of cytochromes.”>*”** Compared
with chemically induced genetic circuits, light-induced genetic
circuits make it possible to create spatial patterns of microbial
activity.”'”'>"> Our work using the red-light-induced iLight
genetic circuit to control cytochrome expression further
expands the synthetic biology toolboxes of S. oneidensis and
demonstrates light-induced EET activities, which can be a
promising approach to spatiotemporally control the EET of S.
oneidensis. We also indicated the potential of using two
optogenetic systems, iLight and pDawn, to simultaneously
regulate expression of two different genes in S. oneidensis,
although there was upregulated expression of both genes by
the other color of light (Figure S). Combined with our
previous blue-light-induced conductive biofilm patterning
technique, the dual-light control system can be promising to
control the electron transfer of S. oneidensis at different scales.
The programmable control of electron transfer in S. oneidensis
using light will have implications for studying and developin
living electronics, which can be used for biosensing,4
biosynthesis,so’51 electroactive biomaterials,>*** and biocom-
puting.sg"54

B METHODS

Bacterial Strains and Plasmids. E. coli DHSa and NEB-
stable were used for plasmid construction. S. oneidensis MR-1
was used as the host to characterize the performances of
different noninverted and inverted iLight constructs in S.
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oneidensis. S. oneidensis AmtrCAomcA (strain JG749)*" was
used as the host to contain the plasmid with expression of
outer membrane cytochrome MtrC controlled by the inverted
iLight genetic circuit. S. oneidensis AstcAfccA (strain JG3107)
was used as the host to contain the plasmid, with expression of
periplasm cytochrome STC controlled by the inverted iLight
genetic circuit. The AstcAfccA strain was generated by deleting
fecA using materials and methods described previously™ in
strain JG561, a background where cctA has been deleted.*' E.
coli NEB-stable was used as the host to characterize the
performances of different noninverted iLight constructs in E.
coli.

The original iLight plasmid®® was purchased from Addgene
(catalog no. 170268). A hol gene was amplified from plasmid
pNO41° (Addgene, catalog no. 101067) and then added to the
original iLight plasmid to create the iLight-]J23116 plasmid. To
construct iLight plasmids with different promoters expressing
the iLight repressor, iLight-J23116 was used as the starting
plasmid. Site-directed mutagenesis was then performed for the
promoter region of iLight repressor through using an NEB QS
Site-Directed Mutagenesis Kit with nonoverlapping primers or
NEBuilder HiFi DNA Assembly (New England BioLabs, MA,
USA) with overlapping primers. cI, PhIF, and SrpR repressors
with their cognate promoters were amplified from plasmid
pDawn-mCherry,”* pRE-PhIF*’ (Addgene, catalog no. 49367),
and pRE-SrpR* (Addgene, catalog no. 49372), respectively.
Then, these DNA fragments were added to the iLight-J23102
and iLight-J23108 plasmids after the LexA408 operator to
obtain different inverted iLight genetic circuits. To test
whether S. oneidensis could utilize iLight and pDawn genetic
circuits to respond to red and blue light simultaneously, we
constructed a plasmid to control GFP expression by pDawn.
We removed the GFP reporter for the expression of the iLight
repressor and changed the antibiotic resistance from
spectinomycin to kanamycin in the iLight plasmid. For
constructing light-induced EET plasmids, the mtrC and stc
genes were amplified from the genome of S. oneidensis MR-1
and added before the mCherry gene in the inverted iLight
plasmids under the control of the cognate promoter of the
second repressor.

All strains, plasmids, and primers used in this study are listed
in Tables S1—-S3.

Growth Conditions. E. coli strains were cultivated in
lysogeny broth (LB) medium (10 g/L tryptone, S g/L yeast
extract, and S g/L sodium chloride) at 37 °C and 200 rpm with
an orbital throw of 2.5 cm. S. oneidensis strains were cultivated
in LB medium or minimal medium at 30 °C and 200 rpm with
an orbital throw of 2.5 cm. The minimal medium recipe can be
found in Table S4. When necessary, media were supplemented
with spectinomycin (Spec, 100 ug/mL) and kanamycin (Kan,
50 pug/mL). To obtain growth curves of different S. oneidensis
strains, optical density measurements (ODy,,) Were made at
fixed time intervals using a spectrophotometer (Spectronic
200, Thermo Scientific).

For the anaerobic culturing of S. oneidensis, the minimal
media with either iron citrate or methyl orange as electron
acceptors were purged with nitrogen. For electrochemical
measurements, minimal medium without vitamin solution was
purged with nitrogen. Anaerobic culturing was performed in
sealed serum bottles and electrochemical measurements were
performed in an anaerobic chamber.

Fluorescence Measurements and Microscopy. To
characterize performance of the iLight genetic circuits in E.
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coli and S. oneidensis, overnight cultures (1%, v/v) started from
frozen stocks of the strains were transferred into S mL of fresh
LB broth and grown to the log phase (ODgggnm about 1—1.5).
Then, the cultures (1%, v/v) were seeded into 5 mL of LB
broth and incubated at 37 or 30 °C, for E. coli and S. oneidensis,
respectively, either under red light or dark conditions while
shaking at 200 rpm with an orbital throw of 2.5 cm. Red light
was provided by attaching LED strip lights (Deep Cool RGB
350) to the wall inside the shaker with an intensity of 150 uW/
em.”** S. oneidensis containing both the pDawn and iLight
genetic circuits were exposed to blue light and red light, both
with intensities of 150 yW/cm® Media were supplemented
with kanamycin (50 pg/mL) to select the iLight plasmids and
spectinomycin (100 pg/mL) to select the pDawn plasmids. An
optical power meter (PM100USB, Thorlabs) was used for
measuring the illumination intensity of the lights. Cultures
were collected after 18 h incubation to measure the
fluorescence of RFP and GFP, and the cell optical density
(ODggonm)- High-magnification fluorescence images showed a
uniform fluorescence response from the cells, suggesting stable
inheritance of the plasmid during the laboratory culture.
Quantitative RFP and GFP fluorescence measurements were
performed via a plate reader (Infinite 200 PRO, Tecan) at an
excitation wavelength of 590 nm and an emission wavelength
of 650 nm for RFP and an excitation wavelength of 485 nm
and an emission wavelength of 515 nm for GFP. The ODyo;m
was determined using a spectrophotometer (Spectronic 200,
Thermo Scientific). Relative fluorescence intensity was
calculated by normalization against the ODgg,, of whole
cells. Autofluorescence was subtracted by measuring the
fluorescence of wild-type strains. Fluorescence of RFP and
GFP was imaged via a fluorescent microscope equipped with a
100X oil immersion objective lens (Revolve, Echo).

Iron Reduction Measurements. Resting cell ferrozine
assay” was used to measure the Fe’* reduction abilities of .
oneidensis strains. Cells from log phase LB cultures were diluted
into S mL of fresh LB broth. Then, cells were incubated for 18
h at 30 °C under either red light or dark conditions while
shaking at 200 rpm with an orbital throw of 2.5 cm. Cells were
collected by centrifuging (5840R, Eppendorf) at 4200 rpm, 4
°C for 15 min and then washed with fresh minimal medium 2
times. After that, cells were inoculated into sealed serum
bottles containing 25 mL of anaerobic minimal medium to an
ODggom ©f about 0.1. 2 mM ferric citrate was added into the
anaerobic minimal medium as the electron acceptor. The
samples were incubated at 30 °C in the dark without shaking.
Every 2 h, 10 uL of each sample was added immediately to 90
uL of 1 M HCl in a 96-well plate followed by 100 uL of 0.01%
ferrozine. Then, after the samples were mixed well and allowed
to sit for 10 min, the absorbance of the samples at 562 nm was
determined with a plate reader (Infinite 200 PRO, Tecan). A
standard curve of freshly made ferrous sulfate was used to
determine the Fe®* concentrations.

MO Reduction Measurements. The MO decoloration
assay’ was used to measure the MO reduction abilities of S.
oneidensis strains. The preculture was the same as the iron
reduction measurements. Cells after being cultured under
either red light or dark condition were washed and inoculated
into sealed serum bottles containing 25 mL of anaerobic
minimal medium with 100 mg/L MO as the electron acceptor
to an ODgygnr, of about 0.1. The samples were cultured at 30
°C, 200 rpm with an orbital throw of 2.5 cm under either red
light or dark condition. Absorbances of the samples from
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different culturing times were measured at 465 nm with a plate
reader (Infinite 200 PRO, Tecan). A standard curve of
absorbances of freshly made MO with different concentrations
was used to determine the MO concentrations of the samples.

Transparent-Bottom Bioreactor Construction. Bio-
reactor construction was performed as in our previous
work.”* In brief, planar commercial ITO-coated glass coverslips
(22 mm X 40 mm) were used as the working electrodes (WEs)
and the base of the bioreactors. Thin copper wires were
electrically connected to the WEs with silver paint, and the
wire-electrode connections were then strengthened by cover-
ing with epoxy. Glass tubes (2.5 cm tall with 20 and 22 mm
inner and outer diameters, respectively) were adhered overtop
of the WEs with siliconized sealant as the body of the
bioreactors. Custom, PEEK plastic lids were used with the
bioreactors along with custom Pt wire counter electrodes
(CEs) and 1 M KCl Ag/AgCl reference electrodes (REs).
During cell culturing within the bioreactors, the PEEK plastic
lids along with CEs and REs were removed from the
bioreactors, and the bioreactors were simply used as culturing
vessels.

Cell Culturing and Biofilm Formation within Bio-
reactors. Cell culturing within the bioreactor was modified
based on our previous work.”* Log phase LB cultures
(ODgyonm about 1—1.5) were diluted into fresh minimal
medium to an ODgyp,m of about 0.01. 1 mL of the diluted
culture was added to the bioreactor, which was made by
attaching a 20 mm diameter and 2.5 cm tall glass tube on an
ITO-coated glass coverslip. The glass tube was sealed with a
microporous membrane filter and taped to the ceiling of an
incubator. A portable smart projector (AS Pro, Wowoto) was
secured below the bioreactor in the incubator and pointed up
at the bottom surface of the bioreactor to shine red light with
an intensity of 150 #W/cm?* The dark samples were covered
with aluminum foil to prevent undesired photoactivation. After
18 h of culturing at 30 °C in the incubator under either red
light or dark condition, the medium was discarded, and the
biofilms on the ITO electrodes were washed 3 times, for 2 min
each time, with minimal medium on a table shaker at 60 rpm
to remove the planktonic cells. The bioreactors with fresh
minimal medium were then moved to the anaerobic chamber
for electrochemical measurements.

Electrochemical Activity Measurements. All electro-
chemical measurements were performed in an anaerobic
chamber (Bactron 300, Sheldon Manufacturing, Inc.) under
a 95:5 (N,/H,) atmosphere. Electrochemical measurements
were performed with sterile minimal medium as a blank before
the bioreactors were used for cell culturing. After culturing and
washing the biofilms, the reactor media were exchanged for
anoxic media inside the anaerobic chamber before all
electrochemical measurements. Biofilm CV measurements
were performed from —500 to 300 mV at 1 mV/s using a
four-channel Squidstat (Admiral Instruments). Three cycles
were performed for the CV, and data from only the third cycle
was presented in this article. All potentials reported in this
article are vs 1 M KCI Ag/AgCl.

Statistical Analysis. All statistical analyses were performed
by the Prism software (version 9.0; GraphPad) using the two-
tailed unpaired t-test. All data are presented as the mean + SD.
p values in all graphs were generated with tests as indicated in
figure legends and are represented as follows: *p < 0.0S, **p <
0.01, ¥**p < 0.001, ****p < 0.0001, and ns (not significant) p
> 0.0S.
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