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ARTICLE INFO ABSTRACT

Keywords: Electrogenic bacteria metabolize organic substrates by transferring electrons to the external electrode, with
Biosensor subsequent electricity generation. In this proof-of-concept study, we present a novel strain of a known, elec-
CRISPR

trogenic Arcobacter butzleri that can grow primarily on acetate and lactate and its electric current density is
positively correlated (R? = 0.95) to the COD concentrations up to 200 ppm. Using CRISPR-Cas9 and Cpfl, we
engineered knockout Arcobacter butzleri mutants in either the acetate or lactate metabolic pathway, limiting their
energy metabolism to a single carbon source. After genome editing, the expression of either acetate kinase, ackA,
or lactate permease, IctP, was inhibited, as indicated by qPCR results. All mutants retain electrogenic activity
when inoculated into a microbial fuel cell, yielding average current densities of 81-82 mA/m?, with wild type
controls reaching 85-87 mA2. In the case of mutants, however, current is only generated in the presence of the
substrate for the remaining pathway. Thus, we demonstrate that it is possible to obtain electric signal corre-
sponding to the specific organic compound via genome editing. The outcome of this study also indicates that the
application of electrogenic bacteria can be expanded by genome engineering.

Electrode associated bacteria
Electron transfer
Microbial fuel cell

1. Introduction

Common in various environments, including wastewater [1],
anaerobic sludge [2], surface water [3], ground water [4] and seawater
[5], Arcobacter spp. belong to the class of Epsilonproteobacteria and
comprises 27 species and 39 strains, with 13 potentially new species,
with 4 distinct clusters [6]. Among them, some of the species have been
found to be Mn and Fe reducers [7], which indicates that they can be
electrogenic. Electrogenicity is an ability of certain microorganisms to
donate eletrons to solid electron acceptor upon anaerobic respiration
[8]. Electrons from the cell can be passed either through outer mem-
brane multiheme cytochromes [9], conductive appendages (e-pili) [10]
or via extracellular, soluble redox mediators, e.g. quinones and flavins
[11]. Such a process, termed extracellular electron transfer (EET) can
be harnessed in a form of electricity-producing fuel cell, hence termed
Microbial Fuel Cell (MFC) [12]. In an MFC, organic matter, such as
wastewater, serves as electron donor and anode, populated by elec-
trochemically-active bacteria (EAB) [13,8], is a terminal electron
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acceptor. In most common MFCs, EET is then coupled with either
chemical or biological reduction of oxygen at the cathode to allow
electricity generation [14]. Indeed, A. butzleri ED-1 has been previously
isolated from the anode of a acetate-fed MFC [15], therefore can be
termed as EAB. It has also been found in other MFC communities
[16-18], indicating it is a versatile, but not dominant, EAB. Although
some strains of A. butzleri are associated with diseases in animals [19]
and have also been found in human diarrhoea samples [20,21], they
seem to be not initial pathogenic agents in humans, but rather, op-
portunistic organisms growing in immunocompromised patients [22].

Further studies have shown that A. butzleri ED-1 is only able to grow
on acetate or lactate, with moderate growth on succinate [15]. Fully
annotated genomes of A. butzleri ED-1 and the genetically similar strain
L have been obtained and annotated [23]. It has also been demon-
strated that A.butzleri RM048 can be genetically modified, using elec-
troporation [24].

Clustered, regularly interspaced, palindromic repeats (CRISPR) is a
prokaryotic immune system that protects microbes against foreign
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genetic elements [25,26]. It can recognize and cleave specific sequences
and has become a powerful tool in biotechnology, allowing precise
genome editing [27,28], even at multiple loci simultaneously [29].
Several CRISPR-assisted nuclease enzymes have been utilized for
genome editing, the most popular being Cas9 [27] and Cas12a(Cpfl)
[30],which introduce blunt and staggered DNA cuts, respectively. Being
native to 50% of sequenced bacteria, CRISPR may sometimes cause
interference to the host cell [31]. In the case of A. butzleri, strain L
contains a CRISPR region in the genome [23]; therefore, it may have its
own endonuclease system. Strain ED-1, however, does not have such
region and genus-wide study revealed that CRISPR-associated genes are
found in 47% of Arcobacter genomes [6]. Although most vectors for
CRISPR systems are developed for eukaryotes, vectors for bacteria are
also available [32-35] some work has demonstrated that it is possible
to recombine e.g. cyanobacteria [36] or gamma-proteobacterium She-
wanella oneidensis [37] with Cas9, whereas Cpfl has been applied to
engineer gram-positive Corynebacterium glutamicum [38], but not in
Proteobacteria. In the aforementioned studies, CRISPR-mediated
editing has been conducted via plasmid integration. It has been de-
monstrated, however, that the use of plasmid may increase the off-
target effects, induce cell toxicity and plasmid may integrate into host
genome [39,40]. With the advances in the CRISPR technology, ribo-
nucleoprotein (RNP) complex delivery has been demonstrated, which
can reduce off-target effects, and increases efficiency, especially for
knock-in mutations, due to lesser degradation probability [41-44].
Moreover, no functional assays were performed on EAB after CRISPR-
mediated genome editing. As EAB often utilize multiple carbon (fuel)
sources whilst using complex metabolic pathways for electron transfer
and subsequent current generation, we became interested in the ap-
plication of A. butzleri to detect specific organic substrates. This is
especially important in the bioethanol industry, where the detection of
low concentrations of inhibitory by-products, e.g. acetate and lactate, is
crucial for maintaining high yields of ethanol [45]. Detecting acetate
and lactate is time-consuming and expensive. It also requires the use of
offline techniques, such as ion, gas or liquid chromatography [46].
Moreover, most available live biosensors are unable to distinguish ea-
sily between acetate and lactate. In this study, we successfully delivered
CRISPR Cas9 and Cpfl RNPs via RNP into a novel A. butzleri strain to
delete either acetate or lactate metabolism. We also showed that the
edited mutants are still capable of extracellular electron transfer, al-
though only when grown on the carbon source for which a functional
pathway remained.

2. Materials and methods
2.1. Isolation

Sediment from Okinawa mangrove forests (100 mL) was collected
from the aerobic/anaerobic zone (50 cm) and diluted 1:3 with the basal
medium (as described in [15]), containing 200 mg/L CaCly 2H,O,
250 mg/L MgCl, 6H,0, 500 mg/L NH,Cl and transferred into a 0.5L
bottle with a 3-electrode system: a working electrode (carbon cloth), a
counter electrode (graphite rod) and a reference electrode (Ag/AgCl),
and filled with the basal medium with 1 g/L with acetate (COD). Using
a potentiostat (UniChem), —0.25V (vs. Ag/AgCl) was applied to
working electrode. After 7 days, the solution was replaced with basal
medium with 1 g/L COD. The bottle was left at open circuit mode and
the anode potential was monitored. Once anode potential became ne-
gative, which indicated the presence of metabolically-active EAB, it was
connected for another 7 days at —0.25 V. Samples from each collection
were subjected to DNA extraction and PCR was performed with A.
butzleri using ED-1 specific 16S rRNA primers (Table S1). Subsequently,
the same samples were incubated in 5mL Arcobacter Broth (Oxoid,
CMO0965), supplemented with pyruvate-containing Campylobacter
blood-free selective agar base (CM0739) with addition of antibiotics:
cefoperazone (16 ug/ml), novobiocin (32ug/ml), and trimethoprim
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(64 ug/ml), as described elsewhere [15]. 10 uL from the positive col-
lections were then plated on Arcobacter Broth agar and incubated mi-
croaerobically (5% O,, 10% CO5) in a gas jar with a microaerophilic gas
sachet (Mitsubishi Chemical Group) at 30°C for 12h. Growth was
tested using basal medium with addition of 1 g/L one of the following
carbon source: acetate, lactate or succinate. Single colonies were
picked, and incubated in 10 mL Arcobacter Broth with antibiotics, until
OD 0.8. Stock cultures were made with 30% v/v glycerol and DNA was
extracted using the Maxwell RSC GMO purefood protocol (Promega).
Samples for microscopic imaging were taken simultaneously with the
DNA samples and processed with osmium, as follows: upon removal
from the anode compartment, the samples was immediately cut by
knife, and fixed by 1 % Osmium diluted with 0.2 M Cacodylate (Wako)
buffer 30 min. The samples were then washed three times with MiliQ
water and dehydrated stepwise with a graded series of ethanol solutions
(70, 80, 90, 95 and three times 100%). The electrode samples were
finally critical-point dried with tert-butyl ethanol and sputter coated
with a thin layer of gold. The samples were analyzed by a scanning
electron microscopy (SEM)(JSM-7900F JEOL).

2.2. Genome sequencing and annotation

Single clones were subjected to HiSeq and PacBio cloning. Reads
were mapped to the reference genome of A. butzleri ED-1 (Accession ID
AP012047). Further annotation and gene identification was done using
Geneious 10.1 software (Bio-Matters). Annotation was done based on
whole genome alignment with the ED-1 strain.

2.3. Gene targeting and CRISPR-mediated mutagenesis

To limit eliminate acetate or lactate metabolism in ED-1, we used
KEGG (Kanehisa, 2000) to identify enzymes in these pathways that
were annotated in the bacterium's genome. Alt-R Cas9 and Cpfl (IDT)
were used, and guide RNAs were designed according to the manufac-
turer's protocol and mapped to the novel strain genome (Table S1,
Supplementary Information). For CAS9, 100 uM of Alt-R CRISPR-Cas9
crRNA and tracrRNA were mixed and heated to 95 °C for 5 min, allowed
to cool back to room temperature (RT). The RNA mixture was then
mixed with Alt-R Cas9 enzyme at a 1:1.2 molar ratio and allowed to
form the RNP complex at RT for 20 min in a final volume of 20 ul. For
Cpfl, 160 pmol crRNA was mixed directly with 126 pmol Cpfl nuclease
2NLS and Phosphate Buffer Saline (pH 7.4) to a final volume of 5 uL and
incubated at RT for 20 min to form the RNP complex ready for trans-
formation. To transform the bacteria, 1 mL of log-phase bacteria (ODggq
0.3-0.6) was harvested and pelleted at 1000 g, resuspended to 80 uL
with 10% ice cold glycerol and mixed with 2 uL of RNP complex in a
0.2 cm gap cuvette and pulsed once at 2500 V. 1 mL of Arcobacter Broth
with antibiotics was immediately added post electroporation and bac-
teria were allowed to recover for 1h at 30 °C under microaerophilic
conditions. DNA was extracted from 500 uL of post-electroporation
culture using Maxwell RSC Blood DNA kit (Promega), 400 uL was
mixed with 200 uL of glycerol and placed in —80 °C as a stock and the
remaining volume plated onto Arcobacter Broth agar plate with anti-
biotics to grow overnight at 30 °C and single colonies were picked for
phenotypic validation the next day. DNA extracted from transformed
cultures was amplified using Kapa HiFi PCR kit (Roche) subjected to T7
Endonuclease I digestion using Alt-R genome editing detection kit (IDT,
[47]). 1.5% agarose gel stained with SYBR Green I (ThermoFisher) was
prepared with 1Xx Tris-Acetate-EDTA and electrophoresis was per-
formed at 50 mV for 60 min in 1 X TAE running buffer (Mupid-exU).

2.4. Transcriptomic and phenotypic screening
Clonal transformed bacteria and untransformed control were grown

on Arcobacter Broth media supplemented with pyruvate, antibiotics
and 1 g/L acetate or lactate and incubated microaerobically at 30 °C for
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12 h. RNA was extracted using Maxwell RSC RNA tissue kit (Promega)
and cDNA strand synthesis was performed using SuperScript Reverse
Transcriptase (Thermofisher) and random primers with the following
protocol: 30 min at 16 °C, 42°C for 1h, 85°C for 5min in a thermal
cycler. Samples for qPCR were prepared using a Quantitect kit
(QIAGEN), as follows (volumes per individual sample, min. 3 samples
prepared): 8.7 ul. DEPC-water, 10ul SYBR Green 2Xx Mastermix,
2 x 0.2uL gene-specific primers (forward and reverse, 100 uM, see
Supplementary Table 1), 1.3uL ¢cDNA (100ng). RT-qPCR was per-
formed on a StepOne Real-time PCR System (Applied Biosystems). For
phenotypic assay, 100 uL of mid-log phase of clonal transformed bac-
teria were grown on basal media agar plate supplemented with anti-
biotics and 1 g/L acetate or lactate as sole carbon source and incubated
microaerobically at 30 °C for 24 h. and checked for the colony growth.

2.5. MFC inoculation and operation

Two dual-chamber MFCs (Graphical abstract) were constructed by
inserting stainless steel mesh (2 cm diameter) into each well of twelve-
well plate (5 mL volume). Into six of wells acting as anodes, 2 mm thick
carbon sponge (Toray carbon) discs were added to increase the surface
area. Each disc was weighed while dry to calculate surface area (using a
density of 4.51 g/cm?) to obtain current density measurements (cur-
rent/electrode surface area). Mixed bacterial cultures (from mangrove
sediments) were grown at RT to ODggo 0.6 in the basal medium with
1 g/L acetate. All bacterial cultures were centrifuged at 5000 g for 5 min
and resuspended in 1 mL basal medium. Six anodes of one well plate
were filled with basal medium and either (1) mangrove sediment cul-
ture, (2) A. butzleri OK-1 or (3) no bacteria (negative control) in du-
plicates. Anodes of the second well plate were filled with A. butzleri OK-
1 cultures and mutants grown on Arcobacter Broth with antibiotics and
after 2 days replaced with basal medium containing either 500 mg/L
acetate or lactate. Cathodes of all well plates were filled with 150 mM
potassium ferricyanide (replaced whenever it became colourless). Each
anode-cathode pair was connected with a 6 cm tube filled with 5 M KCl
in 10% agar acting as a salt bridge, and stainless steel discs were con-
nected with titanium wire and with 1000 Ohm resistors (Graphical
abstract). Holes were made for media replacement and MFCs were
stored in an anaerobic chamber (Ruskinn Bug Box, Baker) at 30 °C.
Voltmeter was used to record potential between anode and cathode and
current was calculated using Ohm's law. For the first well plate, acetate
or lactate was added to six anodes at the concentrations of 0, 12.5, 25,
50, 100 and 200 ppm in 5 min increments and the current density was
monitored. Experiment was repeated three times. After 4 weeks post
inoculation of the second well plate, samples from two sponges were
taken and subjected to specimen preparation using osmium protocol as
described elsewhere [48].

3. Results
3.1. Isolation, sequencing and annotation

The genome of the novel strain A. butzleri, OK-1 (GenBank accession
number CP041386), comprises a 2,196,900-bp circular chromosome of
27.2% GC content. The genome contains 2176 predicted protein-coding
genes, 169 pseudogenes, 5 rRNA clusters and 55 tRNA genes (Fig. S1,
see Table S5 for detailed information on annotation). After obtaining
pure cultures of A. butzleri OK-1, we inoculated them in an MFC
(Graphical abstract) to test their capability to attach to electrodes and
visualised electrode samples under the SEM microscope (JEOL) (Fig. 1).
Observations confirm that the new strain of A. butzleri can attach to
electrodes, as indicated in (Fig. 1b). Similarly to ED-1 strain, no pili-
encoding genes have been found; therefore, electron transfer might
occur primarily via outer membrane cytochromes. These can be present
in the outer membrane extensions, which can be seen in SEM images.
Phenotypic screening indicate that A. butzleri OK-1 can use acetate and
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lactate as a carbon source, but cannot grow on succinate (Fig. S2).
3.2. Gene targeting for CRISPR-mediated mutagenesis

Using annotation, we identified 3 acetate kinase (ackA) and 1 lac-
tate permease (IctP) genes (Fig. 2a) that were used for our targeted
mutagenesis. Alignment of 3 acetate kinase genes (Fig. 2a), indicates
only 72.9% sequence identity between all 3 genes, whereas ackAl and
ackA2 show 80.5% identity. However, when designing targets for Cas9,
gRNA sequence and PAM 3’ was highly similar in three sequences, with
14-16 identical nucleotides (Fig. 2b). Therefore, we designed gRNA
optimized for ackA2, but primers for subsequent qPCR and T7EI were
designed so that all genes could be assayed. In the case of IctP, we
decided to use Cpfl (Fig. 2c).

3.3. Validation of CRISPR-mediated mutagenesis

T7EI digestion assay of the target regions demonstrates successful
editing using Cpfl (Fig. 3a). RT-qPCR also confirms the inhibition of
target genes (Fig. 3b). Phenotypic screening of CRISPR-cpfl mutants
with impaired genes required for acetate metabolism (acetate kinase)
could only grow when supplemented with lactate and not with acetate
only, whereas the inverse was true for the lactate permease knockout, a
gene involved in lactate metabolism (Fig. 3c).

3.4. MFC inoculation and operation

Observations of isolates indicate that A. butzleri OK-1 shows linear
response to either acetate or lactate up to 50 mg/L (Fig. 4a), whereas
mixed bacterial community showed high variability at all concentra-
tions tested. Having mutants with desirable phenotypes, we then tested
their ability to generate electricity. Upon inoculation with Arcobacter
broth, we observed current generation in all strains, reaching
0.09 + 0.02A/m> Upon changing the media to basal media with
acetate or lactate, current generation was only observed in the lactate
or acetate mutants, respectively, with current densities reaching similar
levels to the wild type cultures (Fig. 4b).

4. Discussion

Microbial Fuel Cells (MFCs) are an established technology allowing
simultaneous metabolism of organic compounds and electricity pro-
duction. Their performance depends on the activity of EAB that form
biofilms on bioreactor anodes [13,49]. As electricity generators, today's
MFCs achieve power densities of little more than 1000 mW,/m® which
limits their upscale applications [50]. However, as the current gener-
ated by a MFC is directly proportional to the energy content of the fuel,
MFCs can be adapted as biosensors. The use of current-generating
bacteria was first demonstrated by Karube and colleagues [51] where
EAB at the anode of a microbial fuel cell oxidise the substrate as a fuel
and the resulting electrons are directly transferred to the electrode to
produce a detectable current, which correlates with BOD. Since then,
amperometric biosensors have proven useful as alternative stable, on-
line, real-time wastewater systems for monitoring general BOD, as well
as toxic compounds, such as heavy metals [52-56]. While BOD detec-
tion is simply an indication of organic compounds and toxic compounds
are mostly indicated by disturbance of the steady state signal output, a
key limitation in this field has been single analyte detection [49].

In our study of limiting carbon metabolism in EAB, we were able to
edit the genome of A. butzleri OK-1 using CRISPR techniques. Although
Cpfl system is considered more reliable for AT-rich genomes, [57],
genome editing through Cas9 was also possible for A. butzleri OK-1,
which has only 27.2% GC content. Our design condition was that the
target genes should not be involved in electron donating/accepting
pathways, e.g. dehydrogenase. Acetate kinase facilitates the production
acetyl-CoA by phosphorylating acetate. Lactate permease transports
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Fig. 1. SEM images of A. butzleri OK-1 A, Biofilm overview; B, individual cells attached to carbon sponge electrode with outer membrane extensions marked by
asterisks and seen in magnification.
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Fig. 2. A, Alignment of ackA genes identified in A. butzleri OK-1 orange arrow indicates Cas9 guide sequence, purple arrows indicate PAM sequence, dark green
arrows indicate primers used for T7EI assay, whereas light green arrows indicate primers used for qPCR; B, Alignment of Cas9 guide and PAM sequences in ackA
genes; C Alignment of IctP gene with Cpfl guide, PAM and primers.

lactate into the cell via proton pump. Resulting mutants were gen- electrons from electrode, applying electricity in fermentative reactors
erating current at the same level as the wild type strain, indicating shows 3-4 improvement of desired bioproduction, as well as reduction
electrogenic properties of A. butzleri remained unaffected by genome of unwanted byproducts [58-60], making electrofermentation (EF) at-
editing (Fig. 3b). This provides a foundation for further engineering, tractive for industrial use. EF may also be used to directly control and
with the possibility of introducing new metabolic genes in diverse EAB switch the chassis’ metabolism. It has been recently demonstrated that
that might produce stronger current or detect different analytes. Such the redox switch can be inserted into non-EAB, e.g. E. coli genome to
biosensors could be applied in many industries, in addition to waste- control its gene expression in response to changes in electrode potential
water monitoring, such as the food, beverage, or pharmaceutical in- [61]. Having a tightly controlled gene regulation system — electro-
dustries for online, real-time quality control. genetics — would allow introducing multilevel bioprocessing, enabling

Moreover, there is a growing interest in utilizing electrogenic bac- to perform antagonistic reactions serially in the same reactor, just by
teria in bioprocesses. As EAB cannot only generate, but also receive means of potential regulation [62]. Future work could also result in
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Fig. 3. A, T7EI assay of CRISPR - edited A. butzleri OK-1. Lanes are as follows: 1,7 1kb ladder; 2 ackA control; 3 ackA mutant; 4 100 bp ladder; 5 IctP control; 6 IctP
mutant. B, RT-qPCR sequencing of CRISPR-edited A. butzleri grown in rich medium with with acetate and lactate. WT, wild-type. Error bars indicate SD (n = 3, in the
case of ackA WT and IctP WT, SD values are 0.2 and 0.14, respectively). C, Phenotypic screening of obtained mutants. In the case of ackA, single colony was observed
on acetate agar, but showed different morphology and PCR with A. butzleri-specific 16S primers did not yield any product.

pathway insertions into the A. butzleri OK-1 genome to develop desir-
able metabolism only where a specific carbon source is present in the
media. Moreover, it may be possible to engineer the OK-1 strain to grow
on unusual carbon sources, or to break down recalcitrant substrates,
such as lignocellulose, without the subsequent loss of desirable de-
gradation products (saccharides) that could be used in downstream
processing.

5. Conclusions

We were completely successful in producing mutations at the target
CRISPR cleavage sites for either ackA or IctP, the former being present
in 3 copies, with some sequence divergence (Figs. 2 and 3). The suc-
cessful knockout of acetate metabolism could be attributed to the off-
target activity. Although CRISPR-Cas9 has already been used to edit
another EAB genome [37], no test on current generation in mutants
have been conducted. This is also the first time EAB, as well as a gram-
negative proteobacterium, has been modified with CRISPR-Cpfl. As
some Arcobacter spp. have been associated with virulence, whilst other
work shows suppressant effects of MFCs on pathogenic organisms

Carbon source concentration [ppm]

[63,64], it may prove useful to study these relationships and utilize
electrogenicity to combat pathogen outbreaks. Given its complete
genome annotation, A. butzleri OK-1 can serve as a platform to study
genome-editing effects on extracellular electron transfer. Furthermore,
miniaturization of MFCs based on well plate array, together with mi-
crofluidics would allow multiple compounds to be screened simulta-
neously using metabolic mutants of various EAB growing in MFC. Si-
milar work was already done with single EAB, where logic AND gate
was created by allowing electricity generation only upon the presence
of two input signals [65]. This could lead to the development of self-
controlled factories, where various compound detection and signal
transduction could trigger appropriate response.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the

online version, at https://doi.org/10.1016/j.enzmictec.2020.109564.
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