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A B S T R A C T   

Electroactive microorganisms (EAMs) play important roles in biogeochemical redox processes and have been of 
great interest in the fields of energy recovery, waste treatment, and environmental remediation. However, the 
currently identified EAMs are difficult to be widely used in complex and diverse environments, due to the ex-
istence of poor electron transfer capability, weak environmental adaptability, and difficulty with engineering 
modifications, etc. Therefore, rapid and efficient screening of high performance EAMs from environments is an 
effective strategy to facilitate applications of microbial fuel cells (MFCs). In this study, to achieve efficient 
degradation of methyl orange (MO) by MFC and electricity harvest, a more efficient exoelectrogen Shewanella 
carassii-D5 that belongs to Shewanella spp. was first isolated from activated sludge by WO3 nanocluster probe 
technique. Physiological properties experiments confirmed that S. carassii-D5 is a Gram-negative strain with 
rounded colonies and smooth, slightly reddish surface, which could survive in media containing lactate at 30 ◦C. 
Moreover, we found that S. carassii-D5 exhibited remarkable MO degradation ability, which could degrade 66% 
of MO within 72 h, 1.7 times higher than that of Shewanella oneidensis MR-1. Electrochemical measurements 
showed that MFCs inoculated with S. carassii-D5 could generate a maximum power density of 704.6 mW/m2, 
which was 5.6 times higher than that of S. oneidensis MR-1. Further investigation of the extracellular electron 
transfer (EET) mechanism found that S. carassii-D5 strain had high level of c-type cytochromes and strong biofilm 
formation ability compared with S. oneidensis MR-1, thus facilitating direct EET. Therefore, to enhance indirect 
electron transfer and MO degradation capacity, a synthetic gene cluster ribADEHC encoding riboflavin synthesis 
pathway from Bacillus subtilis was heterologously expressed in S. carassii-D5, increasing riboflavin yield from 1.9 
to 9.0 mg/g DCW with 1286.3 mW/m2 power density output in lactate fed-MFCs. Furthermore, results showed 
that the high EET rate endowed a faster degradation efficient of MO from 66% to 86% with a maximum power 
density of 192.3 mW/m2, which was 1.3 and 1.6 times higher than that of S. carassii-D5, respectively. Our 
research suggests that screening and engineering high-efficient EAMs from sludge is a feasible strategy in treating 
organic pollutants.   
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1. Introduction 

Environmental pollution and energy crisis have become serious 
challenges for global sustainable development. Domestic, industrial, and 
farming wastewaters are essential categories of environmental pollut-
ants that contain enormous amount of chemical energy stored in or-
ganics [1]. Nevertheless, these energies are often largely lost or 
dissipated in the actual treatment process. Recovering potential energy 
meanwhile treating wastewater by cost-effective technologies can 
contribute to relieving energy shortage and environmental pollution 
issues [2]. Microbial fuel cells (MFCs) have attracted widespread 
attention for their dual function of energy recovery and wastewater 
treatment by conversion of chemical energy from partial carbohydrates 
and organic acids in wastewater into electrical energy by biocatalysts [1, 
3–6]. Notably, the physiological characteristics and electron transfer 
ability of electroactive microorganisms (EAMs) as biocatalysts in MFCs 
directly affect the catalysis performance [7]. 

Generally, EAMs have been isolated and obtained mainly from 
Geobacter, Shewanella, Pseudomonas, and Rhodoferax sp [7]. Among 
these strains, the extracellular electron transfer (EET) mechanism and 
synthetic biology modification strategies based on S. oneidensis MR-1 
and G. sulfurreducens are extensively studied [8,9]. Both strains have 
multiple EET mechanisms, including direct EET mediated by c-type 
cytochromes [10–12] and conductive nanowires [13–16], and indirect 
electron transfer mediated by electron mediators [17–19]. However, the 
low electron transfer capacity of these EAMs limits the potential appli-
cations in wastewater treatment and energy recovery [20,21]. There-
fore, to overcome this issue, numerous studies have been conducted by 
researchers from broadening substrate utilization, improving electron 
generation, and enhancing extracellular electron transfer [22–24]. 
Although these synthetic biology strategies could facilitate electron 
production and efficient transfer at a certain level, a higher threshold of 
extracellular electron transfer capacity is still not achieved due to their 
physiological properties and the different of EET mechanisms. Thus, 
there is an urgent need to isolate and screen novel EAMs with superior 
physiological characteristics and electron generation capacity. 

Activated sludge contains a diverse range of microorganisms, of 
which EAMs are one of the most important categories, actively involved 
in the degradation and resourceful conversion of wastewater pollutants 
[25,26]. In order to improve wastewater treatment and resource utili-
zation, researchers have developed various methods for enrichment and 
screening of EAMs using activated sludge as an inoculum source in 
recent years, including MFC electrode enrichment, WO3 nanoprobe 
coloration [27–30], peroxidase coloration [31–33], and dye reduction 
[34–36]. However, most of the microorganisms isolated and selected 
from activated sludge mainly were exoelectrogens with low electron 
transfer efficiency, which cannot realize efficient degradation and 
power recovery of organic wastewater containing azo dyes [37,38] and 
domestic wastewater [5,39]. 

Here, to realize efficient degradation of methyl orange (MO) mean-
while harvest clean electricity, a highly electroactive strain S. carassii-D5 
was isolated from activated sludge. The physiological analysis 
confirmed that S. carassii-D5 was a Gram-negative strain which could 
maintain survival and power production using lactate as carbon source 
and electron donor. We further measured the electrochemical charac-
terization of S. carassii-D5, which showed that the maximum power 
density was 704.6 mW/m2. The extracellular electron transfer mecha-
nism of S. carassii-D5 was probed by using electrochemical and spec-
troscopic methods, demonstrating that S. carassii-D5 mostly conducted 
extracellular electron transfer via a direct electron transfer channel 
mediated by cytochromes and electroactive biofilms. In addition, to 
further enhance its extracellular electron transfer and MO degradation 
capacity, a riboflavin synthesis gene cluster ribADEHC from Bacillus 
subtilis was heterologously expressed in S. carassii-D5, increasing ribo-
flavin yield from 1.9 to 9.0 mg/g DCW with 1286.3 mW/m2 power 
density output in lactate fed-MFCs. Furthermore, the strengthen 

extracellular electron transfer capacity resulted in an increase in the first 
order rate constants (k) of the MO degradation level from 0.0175 h− 1 to 
0.0316 h− 1 with a maximum power density of 192.3 mW/m2 in MFC. 

2. Materials and methods 

2.1. MFC setup 

Activated sludge from Tianjin Guozhong Runyuan Sewage Treat-
ment Co., Ltd (Tianjin, China) was used as inoculum for enrichment in 
dual-chamber MFCs. For the dual-chamber, each chamber had a volume 
of 140 mL and they were separated by a Nafion 117 membrane (DuPont 
Inc., USA). The carbon cloth pretreated with hydrochloric acid (1 M) and 
acetone solution was employed as working electrodes for anode 
(2.5 cm × 3.0 cm) and cathode (2.5 cm × 3.0 cm). After simple pre-
cipitation treatment, 120 mL activated sludge was inoculated in the 
anode for enrichment. The cathode was filled with an equal volume of 
electrolyte solution (50 mM K3 [Fe(CN)6], 50 mM KH2PO4, and 
50 mM K2HPO4) as electron acceptors. For the external circuit of the 
MFCs, copper wires were used as a conductor to connect electrodes and 
external resistance (2 KΩ) and the output voltage was recorded by a 
digital multimeter (DT9205A) [40,41]. Next, the activated sludge-MFC 
was run continuously at room temperature and we replaced the ano-
lyte and catholyte with new activated sludge and electrolyte solution 
when the output voltage dropped lower than 100 mV. 

2.2. Bacterial isolation, identification, and preservation 

After repeated inoculation for 2–3 times, removed the anode cham-
ber carbon cloth when the output voltage was stable to screen and 
identify EAMs. The specific steps of the screening method were as 
following: the anode carbon cloth was serially diluted in phosphate 
buffer solution (PBS, 50 mM, pH = 7.0) with the series of 10− 1 to 10− 9 to 
form bacterial suspension, which were inoculated on plates containing 
the Luria-Bertani (LB) agar at 37 ◦C. After 48 h of incubation and 
enrichment period, these pure bacteria colonies with different appear-
ance and morphology were streaked on the LB agar plate. When many 
single colonies grew on the plate, the slightly cooled LB agar containing 
WO3 nanoparticles was poured on it and then cultured in an incubator 
[42]. Subsequently, the blue areas as-obtained in the plate were used as 
inoculation sources for further screening of EAMs and the EAMs were 
then purified by streaking of the colonies repeatedly on nutrient agar at 
least 5 times until single colonies were obtained. In the meantime, the 
colonies with obvious differences in characteristics like morphology, 
color, size, surface, and edge were selected and inoculated in LB broth 
for overnight culture, and the determination of cell density (optical 
density at 600 nm, OD600) was adjusted with PBS (OD600 = 0.5, 50 mM, 
pH = 7.0). Then, 100 μL bacterial solution and nano-WO3 solution were 
added to the 96-well cell culture plate, respectively, and finally the 
paraffin oil was added to isolate oxygen. The 96-well plate was cultured 
in 30 ◦C incubator, and S. oneidensis MR-1 [43] was used as a positive 
control to observe the color change in time. The printer was used to scan 
the images, and compared the speed and depth of the color changes in 
pictures, so as to screen out the EAM with strong bioelectricity genera-
tion capacity. Pure cultures of strains were stored routinely at − 80 ◦C in 
LB broth supplemented with 50% (v/v) glycerol. For phylogenetic 
analysis, the sequences were aligned using MEGA version 7.0 with 
reference sequences of Shewanella species available in the NCBI Gen-
Bank (National Center of Biotechnology Information) database by 
BLAST search, and the branching stability of the tree was analyzed by 
Bootstrap, repeated 1000 times. The genetic relationship of the isolated 
strain with high bioelectricity generation capacity was compared as the 
previous reports by the construction of phylogenetic tree based on the 
results of a neighbor-joining analysis of 16S rRNA sequences which was 
amplified by Polymerase Chain Reaction (PCR) with the universal 
primers 27F (5′ - AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′ - 
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GGTTACCTTGTTACGACTT - 3′) [44] for the strain. 

2.3. Bacteria physiological and biochemical characterization 

The isolated strain was cultured in LB broth at 30 ◦C for 12 h, then15- 
20 μL liquid samples were evenly spread on 2.0 cm × 3.0 cm microscopy 
slides, dried at room temperature, and the samples were then heat 
fixated (1s on open flame, repeated 3 times) while simultaneously Gram 
stained by hand [45]. Its cellular morphology on LB agar plate was 
observed by using a camera (smart series RZSP-200C). To determine 
condition of cell growth, M9 medium containing different carbon 
sources, including acetate, lactate, glycerol, fructose, sucrose, xylose, 
galactose, and glucose was configured, the added concentrations of each 
carbon source were 5 mM, 10 mM, 15 mM, and 20 mM, respectively, and 
the optimal substrate growth conditions were evaluated by OD600. 
200 μL bacterial culture suspension was inoculated into 96-well plate, 
incubating at 30 ◦C for 200 rpm, and samples were withdrawn period-
ically for the determination of cell density, and the OD600 value was 
measured by ultraviolet and visible spectrophotometer (TU-1810, Bei-
jing Purkinje General Instrument Co. Ltd., China) to obtain the growth 
situation of the strain. In addition, we further determined the contact 
angle (CA, θ W) and the affinity of the cells for n-hexadecane. The 
contact angle was measured by a CA goniometer, SPCA-X3 series 
(HARKE, Shanghai, China). 

2.4. Electrochemical analyses 

The bacterial culture suspension grown overnight was transferred to 
the LB broth at a ratio of 1:100. After growing for approximately 12 h at 
30 ◦C for 200 rpm, the concentration of the cell suspension was adjusted 
to OD600 = 1.0 and inoculated into the anode chamber of MFCs, 
including M9 buffer, 5% LB broth, and 20 mM lactate. Three groups 
were set in parallel, and the difference to the activated sludge-MFC was 
that the size of carbon cloth electrode used in the anode chamber was 
1.0 cm × 1.0 cm. Meanwhile, MFCs inoculated with S. oneidensis MR-1 
were constructed by the same method as a control experiment. When 
the voltage of MFCs reached the peak and remained the steady state, 
removing the resistor, standing for 30 min, and using electrochemical 
workstation (CH Instrument, Shanghai, China) to test the performance 
of the MFC by Cyclic voltammetry (CV) and Linear sweep voltammetry 
(LSV) at room temperature. The CV curves were obtained by testing the 
MFC on a three-electrode configuration with a scan rate of 1.0 mV/s 
when the Ag/AgCl (KCl saturated) reference electrode was added to the 
anode, and the initial potential of the scan was set at − 0.7 V. The LSV 
and polarization curves analysis was conducted on a two-electrode 
mode, and the initial potential was set to − 0.87 to − 0.1 V with a slow 
scanning rate of 0.1 mV/s [40]. The internal resistance (Rint) of MFC was 
calculated using the following Eq. (1):  

Rint = ΔE / ΔI                                                                                (1) 

Here, ΔE (V) represents the voltage output change value of MFCs, and ΔI 
(I) represents the current output change value of MFCs. 

2.5. Construction of engineered strains 

The sequences of ribADEHC genes coding the riboflavin synthesis 
pathway from B. subtilis were identified and extracted from KEGG (http: 
//www.kegg.jp/kegg/genes.html). Then each coding sequence was 
optimized by JCAT (http://www.jcat.de/) and the plasmid pYYDT-rib-
ADEHC (pYYDT-C5) combined with an isopropyl β-D-1-thiogalactopyr-
anoside (IPTG)-inducible promoter Ptac which can drive the expression 
of riboflavin synthesis pathway encoding genes was constructed through 
BioBrick™ assembly method in E. coli WM3064 [46]. The plasmid 
pYYDT-C5 was then transformed into the isolated strain by conjugation 
and 0.059 g/L 2, 6-diaminopimelic acid (DAP) was added for the growth 

of E. coli WM3064 [40]. Whenever needed, 50 μg/mL kanamycin (kana) 
was added. 

2.6. Riboflavin, cytochromes and MO measurements 

The riboflavin in the LB fermentation broth was analyzed by high- 
performance liquid chromatography (HPLC) at a wavelength of 
270 nm. All standard solutions and samples supernatants were filtered 
and assayed by eluting with methanol-water (50: 50, v: v) of flow 
remained 0.6 mL/min for 25 min on a poroshell column system (C18 
column, 5 μm, 4.6 × 250, Shim-pack GIST) at 35 ◦C. In the meantime, 
the cells harvested by centrifugation at 12,000 rpm for 15 min were 
resuspended and washed twice with PBS buffer, then the resulting pel-
lets were dried at 105 ◦C to weigh the dry cell weight (DCW) or scanned 
at full wavelength (from to 300–600 nm) in a transparent 96-well plate 
after ultrasonication (200 W, ultrasonic for 2 s, pause for 1 s, a total of 
1 min) to measure all the amount of c-type cytochromes inside and 
outside of the cells. 

To enable the degradation of MO meanwhile generating electrical 
energy, we constructed a new MFC in which the anode solution was 
composed of M9 medium inoculated with S. carassii-D5 strain and the 
cathode was composed of MO solution. The anode electrolyte solution of 
MFCs included M9 buffer, 5% LB broth, 20 mM lactate as before. The cell 
density of S. carassii-D5 was adjusted to OD600 = 0.4 and then dispersed 
it into the MFC anode. The cathode electrolyte solution was replaced 
with MO at a concentration of 50 mg/L, pH = 3 [47] as electron ac-
ceptors. The buffer solution was prepared by dissolving 6.8 g KH2PO4 in 
900 mL distilled water and adjusting pH = 3 with dilute phosphoric acid. 
Moreover, the anaerobic cathode chamber was purged with high purity 
nitrogen for at least 20 min before running. During the operation, the 
MFCs were sampled at 0 h, 12 h, 24 h, 36 h, 48 h, 60 h, and 72 h to detect 
MO concentration. 2 mL MO solution was taken from the MFC cathode 
chamber, diluted and scanned by ultraviolet and visible spectropho-
tometer (TU-1810, Beijing Purkinje General Instrument Co. Ltd., China) 
to determine the MO concentration [47]. Then the decolorization rate R 
of MO was calculated using the following Eq. (2):  

R = (A0 − At) / A0 * 100%                                                                (2) 

In this case, A0 represents the initial absorbance value of the MO 
solution, and At represents the reaction absorbance value of the MO 
solution. 

The linear relationship of ln (Ct/C0) vs t shows that MO reduction 
follows pseudo-first-order kinetics.  

ln (Ct / C0) = - kt                                                                            (3) 

where C0 is the initial MO concentration (mg/L), Ct is the MO concen-
tration at time t (mg/L), and t is the reaction time (s). Therefore, the 
kinetics constant k can be obtained through regression using Eq. (3) 
[47]. 

2.7. Characterization of the anode biomass 

The anodic carbon cloth covered with biofilm was taken out and 
placed in a tube containing 10 mL PBS buffer, vortexing for 2 min to 
obtain uniform bacterial suspension, then the diluted solution was 
coated on the LB agar plate. After incubation at 30 ◦C for 24 h, colony 
forming units (CFU) were counted [40]. Meanwhile, the uniform bac-
terial suspension containing the electrode-attached cells was centrifuged 
at 15,000 rmp for 5 min and the resulting pellets were mixed with 
B-PERII bacterial protein extraction reagent (Thermo Fisher Scientific. 
Walthman, MA, USA) to solubilize the proteins according to the man-
ufacturer’s instructions, then the Bicinchoninic acid (BCA) protein assay 
kit was used to determine the biomass content of anode surface [41,48]. 
Three biological replicates were performed under each of the above 
experimental conditions. 
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3. Results and discussion 

3.1. Bacterial enrichment, isolation, and identification 

In this study, for the purpose of enriching and isolating highly 
electroactive microorganisms, the MFCs were constructed using acti-
vated sludge from wastewater treatment plants as anolyte as well as 
microbial community in the sludge as anode microorganisms. The 
voltage output performance of activated sludge-MFCs was investigated 
(Fig. S1). It was obvious that the activated sludge-MFC could maintain a 
maximum output of 242.3 ± 12 mV over three generation cycles, which 
indicated that a stable microbial community was formed at the electrode 
to release electrons. After 250 h of enrichment, anode carbon cloth 
containing electroactive bacteria was resuspended in PBS buffer, and 
then incubated with 10− 9 CFU/mL concentration on LB agar plates by 
combining WO3 nanomaterials as probes for rapidly identifying EAMs 
[28]. Based on WO3 electrochromic, we obtained an electroactive strain 
with strong electrochromic ability (Fig. S2). 

To further identify the properties of the isolated electroactive strain, 
the 16S rRNA fragment was amplified by PCR with universal primers 
27F/1492R. Based on the results of the 16S rRNA gene sequencing (Seq. 
S1), we successfully constructed a phylogenetic tree of the strain using 
the neighbor-joining method and identified that the strain belonged to 
the genus Shewanella carassii, with 99.79% sequence similarity to She-
wanella carassii strain LZ2016-166 (GenBank accession number 

MF164483.1) in Fig. 1. We thus named it as Shewanella carassii-D5. The 
information on the other isolated strains was provided in Table S1. 

3.2. Biological characterization of the Shewanella carassii-D5 strain 

To characterize the morphological properties of Shewanella carassii- 
D5 strain, we first observed its cellular morphology on LB agar plate 
using a smart camera. As shown in Fig. 2A, the colonies were round or 
elliptical with neat edges and opaque pink-orange color. The Gram stain 
results indicated that S. carassii-D5 was Gram-negative (Fig. S3) with a 
short rod-like morphology, similar to S. oneidensis MR-1 [49]. Scanning 
electron microscopy (SEM) and transmission electron microscope (TEM) 
were further used to observe cell ultrastructure (Fig. 2B–C). It was found 
that S. carassii-D5 was rod-shaped strain with a size of 2.0–3.0 μm and a 
rough cell surface containing extracellular polymeric substances (EPS), 
which may contribute to biofilms formation to promote energy con-
version and protect them against adverse environmental influences 
[50]. 

In addition, to determine the optimal carbon source for the growth of 
S. carassii-D5, the cell growth was monitored by adding different con-
centration gradients (5–20 mM) acetate, lactate, glycerol, fructose, su-
crose, xylose, galactose, and glucose to the M9 medium as sole carbon 
sources, respectively. As shown in Fig. 2D, the results indicated that S. 
carassii-D5 enabled metabolizing lactate and acetate but cannot utilize 
other carbon sources. In particular, cell growth was enhanced with 

Fig. 1. Phylogenetic tree based on the results of a neighbor-joining analysis of 16S rRNA sequences for the strain Shewanella carassii-D5 and various members of 
Shewanella spp. Numbers at nodes indicate bootstrap values > 50% (expressed as percentages of 1000 replications). 
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increasing of lactate concentration, which is the same as the profiles of 
Shewanella. To investigate the optimum culture temperature of S. car-
assii-D5, we further determined its growth activity at different temper-
atures using 20 mM lactate as the carbon source. As revealed in Fig. 2E, 
the optimum culture temperature of S. carassii-D5 was 30 ◦C, which is 
consistent with S. oneidensis MR-1. However, the growth of S. carassii-D5 
strain is relatively weaker than S. oneidensis MR-1 (Fig. S4). 

The UV–Vis spectra of MO solution in cathode of MFCs inculcated 
with the wide type S. carassii-D5 under illumination at different reaction 
times was seen in Fig. S5 that the S. carassii-D5 achieved the degradation 
of the MO solution. The MO removal rate of S. carassii-D5 was shown in 
Fig. 2F, which showed a more rapid MO removal process compared to S. 
oneidensis MR-1. Especially, within 72 h, S. carassii-D5 could degrade 
about 66% of MO, which was about 1.7 times higher than that of S. 
oneidensis MR-1 (40%), indicating that the superior MO degradation 
ability was mainly caused by the high EET of S. carassii-D5 rather than 
the cell growth. 

3.3. Electrochemical characterization of S. carassii-D5 

The power density and the polarization curve are important in-
dicators to assess the bioelectricity generation performance of MFCs. 
Here, to evaluate the specific power production capacity of S. carassii- 
D5, we systematically measured the above indicators in MFCs. As shown 
in Fig. 3A, the power density output curves shown that S. carassii-D5 
strain obtained a maximum power density of 704.6 mW/m2, which was 
increased by 5.6 times compared with that of the S. oneidensis MR-1 
(125.0 mW/m2). The polarization curve reflected the relationship be-
tween the potential and the current when the external resistance was 
reduced. The dropping slope in the polarization curve of S. carassii-D5 
was smaller (Rint = 1670.0 Ω), indicating the smaller internal resistance 
of MFC comparing with S. oneidensis MR-1 (Rint = 5317.0 Ω). The cor-
responding output voltage was shown in Fig. S6. Moreover, the redox 
reaction kinetics at cell-electrode interfaces was further conducted by 
CV [19,51]. In Fig. 3B, S. carassii-D5 and S. oneidensis MR-1 exhibited an 

Fig. 2. Characterization of biological properties of S. carassii-D5. (A) Colony morphology photo of the bacteria inoculated on LB agar plate. (B) SEM characterization 
of the isolated strain. (C) TEM characterization of the bacteria. (D) OD600 of inoculated with the bacteria adding acetate, lactate, glycerol, fructose, sucrose, xylose, 
galactose, and glucose as substrates at concentration ranging from 5 to 20 mM. (E) Optimization of optimum growth temperature of S. carassii-D5 with 20 mM lactate 
as the sole carbon source. (F) Comparison of MO degradation ability between S. carassii-D5 and S. oneidensis MR-1. Three biological replicates were performed. (**: p 
< 0.01; *: p < 0.05). 
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obvious riboflavin redox peak originating from ~ − 0.4 V (vs. Ag/AgCl). 
Notably, the redox peak of S. carassii-D5 was slightly lower than that of 
S. oneidensis MR-1. In the meantime, we also found a redox peak on the 
CV curve starting from ~ − 0.3 V, which corresponded to OM c-Cyts, 
thus speculated that outer membrane cytochromes main played a major 
role in extracellular electron transfer in S. carassii-D5 strain. 

Numerous studies demonstrated that the mechanism of EET between 
EAMs and electrodes is conducted mainly by direct transfer mediated by 
c-type cytochromes or conductive nanowires and indirect transfer 
mediated by electron mediators [9]. Therefore, to reveal the EET 
mechanism of S. carassii-D5, we further measured the cytochromes, 
adhesion biomass and riboflavin in MFC which were regarded as playing 
important roles in EET process of Shewanella. A full wavelength scan 
results showed that S. carassii-D5 had a higher density of cytochromes 
expression than that of S. oneidensis MR-1, suggesting that S. carassii-D5 
could depend on abundant cytochromes directly involving in extracel-
lular electron transfer (Fig. 3C). The DCW of the anode chamber and 
biofilm loading on anodic carbon cloth was determined. As shown in 

Fig. 3D, S. carassii-D5 had a relatively high biomass 
(131.0 ± 9.6 μg/cm2) on the anode surface, ~2.5-fold higher than S. 
oneidensis MR-1 (52.3 ± 14.9 μg/cm2). Meanwhile, the cell count results 
also showed that there were massive S. carassii-D5 cells attached on the 
anode carbon cloth (58.2 ± 12.0 × 107/cm2), which was consistent with 
the SEM results (Fig. S7). However, there was no significant difference in 
the total biomass in the anode chamber, which indicated a significant 
advantage in biofilm formation of S. carassii-D5 over S. oneidensis MR-1. 
In addition, it is well know that bacterial attachment to a surface is the 
initial step in biofilm formation and hydrophilicity might be the domi-
nant factor affecting bacterial adhesion, and strains with relatively 
strong hydrophobicity are more likely to aggregate to form biofilms 
[52]. To elucidate the mechanism of high loading of the anodic biofilm, 
we further determined the contact angle (θ W), as well illustrated in 
Fig. 3E, the contact angle of S. carassii-D5 was 16.15◦, while that of S. 
oneidensis MR-1 was 13.23◦. Normal hexadecane-grown cells showed 
strong capacity in adhering to the hydrocarbon-water interface [53]. 
Here, it was further shown that the hydrocarbon adhesion rate of S. 

Fig. 3. Electrochemical characterization of S. car-
assii-D5. (A) LSV and the polarization curves and (B) 
CV curves of S. carassii-D5 (OD600 = 1.0) inoculated in 
MFCs with lactate as electron donor. (C) Cytochrome 
level measurement in the LB fermentation broth at 
OD600 = 1.0. (D) The attached biofilm and colony 
count on anode carbon cloth in MFCs with lactate as 
electron donor. (E) Water contact angle observation 
and the affinity of the cells for n-hexadecane. (F) 
Riboflavin production in the LB fermentation broth at 
OD600 = 1.0. Three biological replicates were per-
formed. (**: p < 0.01; *: p < 0.05; ns: no significance; 
p > 0.05).   
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carassii-D5 was 66.3%, which was ~1.5 times higher of S. oneidensis 
MR-1 (42.6%). In brief, the cell surface hydrophobicity of S. carassii-D5 
was higher than that of S. oneidensis MR-1, the abundant EPS of cells 
which was strengthened contact interaction between cells and electrode 
surface, thus enhancing the cell coverage on electrode. Besides, we 
further determined the amount of riboflavin synthesized in S. carassii-D5 
(Fig. 3F). It was found that S. carassii-D5 could produce a riboflavin level 
of 1.9 mg/g DCW, similar to S. oneidensis MR-1, which further supported 
the previous speculation that direct EET mechanism played an essential 
role. 

3.4. Enhanced indirect electron transfer by expressing riboflavin synthesis 
pathway in S. carassii-D5 

Recent studies have found that enhancing the extracellular electron 
transfer rate not only enhances power output but also promotes MO 
degradation [19,54,55]. Therefore, to further boost extracellular elec-
tron transfer and MO downgrade, an available inducible promoter Ptac 
and the riboflavin biosynthetic gene cluster ribADEHC from B. subtili 
were assembled into S. carassii-D5 to construct recombinant strain S. 
carassii-D5-C5 (Fig. 4A). Subsequently, the inducible plasmid expression 
level was further optimized by measuring cell density. As shown in 
Fig. 4B, the optimum concentrations of IPTG and kana obtained after 

Fig. 4. Enhanced production of riboflavin by engineering S. carassii-D5 via synthetic biology approach. (A) Schematic plasmid map of Ptac promoter combined with 
RibA, RibD, RibE, RibH, and RibC genes expressing vectors. The plasmid was assembled into S. carassii-D5 to construct recombinant strain S. carassii-D5-C5 for the 
enhanced riboflavin metabolism. (B) The appropriate concentrations of IPTG and kana for growth metabolism of engineered strain. (C) Growth curves of the S. 
carassii-D5-C5 and S. carassii-D5 in LB fermentation broth with final optimal concentration of 0.2 mM IPTG and 20 mg/L kana at 30 ◦C for 32 h. (D) Concentration of 
riboflavin produced by recombinant strain S. carassii-D5-C5 and the control strain S. carassii-D5 in the broth. (E) LSV and the polarization curves and (F) CV curves of 
recombinant strain S. carassii-D5-C5 and the control strain S. carassii-D5 (OD600 = 1.0) inoculated in MFCs with lactate as electron donor. Three biological replicates 
were performed. (**: p < 0.01; *: p < 0.05). 
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optimization were 0.2 mM and 20 mg/L, respectively. Fig. 4C showed 
that overexpressing the riboflavin synthesis pathway in S. carassii-D5 
exhibited a superior growth under aerobic conditions, indicating that 
riboflavin synthesis promoted cellular metabolic activity. As shown in 
Fig. 4D, the riboflavin yield secreted by the engineered strain was 
~9.0 mg/g DCW, which was 4.7-fold higher than that of the control 
strain (1.9 mg/g DCW). To evaluate the electricity generation capacity 
of using lactate, S. carassii-D5-C5 was further inoculated to lactate-fed 
MFC. The output voltage results showed that the electron output ca-
pacity of S. carassii-D5-C5 was significantly higher than that of S. car-
assii-D5 (Fig. S8). In Fig. 4E, the maximum power density of recombinant 
strain S. carassii-D5-C5 was 1286.3 mW/m2, ~1.8 times than that of S. 
carassii-D5 (704.6 mW/m2). The slope of the polarization curve of S. 
carassii-D5-C5 was smaller than that of S. carassii-D5, which indicated 
that the MFC inoculated with S. carassii-D5-C5 strain (Rint = 803.0 Ω) had 
a lower internal resistance compared to S. carassii-D5 (Rint = 1670.0 Ω). 
Moreover, the redox reaction kinetics at cell-electrode interfaces was 

conducted by CV in Fig. 4F. Compared to S. carassii-D5, it is obviously 
that the S. carassii-D5-C5 exhibited a higher riboflavin redox peak orig-
inating from ~ − 0.4 V (vs. Ag/AgCl), which indicated that the 
riboflavin-mediated EET was strengthened. Meanwhile, a higher OM 
c-Cyts redox peak on the CV curve starting from ~ − 0.3 V was found, 
which indicated more riboflavin can bound with cytochromes to form 
semi-quinones, accelerating the extracellular electron transfer by "sin-
gle-electron redox reaction" [56]. In conclusion, all these results sug-
gested that the presence of a relatively higher level of riboflavin 
synthesized by integrating riboflavin synthesis module could increase 
the bioelectricity generation and extracellular electron transfer 
capacity. 

3.5. MO degradation with simultaneous power generation by engineered 
S. carassii 

The MO removal capacity of MFC makes it a sustainable technology 

Fig. 5. MO reduction by the recombi-
nant strain S. carassii-D5-C5 and S. car-
assii-D5. (A) Structural design of MFC 
for simultaneous MO decolorization and 
bioelectricity generation. (B) Voltage 
output obtained from the MFCs oper-
ated for one discharge cycle using MO 
solution as electron acceptor in cathode 
(pH = 3, initial MO concentration was 
50 mg/L). (C) LSV and the polarization 
curves of the MFCs. (D) The UV–Vis 
spectra of MO solution in cathode of 
MFCs inculcated with the recombinant 
strain S. carassii-D5-C5 under illumina-
tion at different reaction times. (E) 
Characterization of MO degradability in 
cathode. (F) Anaerobic reduction and 
reduction kinetic curves of MO. Three 
biological replicates were performed.   
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in wastewater treatment. In this study, to synergistically and simulta-
neously achieve MO degradation and energy harvesting, we constructed 
a MFC using S. carassii-D5-C5 as biocatalyst and MO as cathode elec-
trolyte in Fig. 5A. Using MO solution as electron acceptors in cathode 
(pH = 3, initial MO concentration was 50 mg/L), the MO solution was 
reduced as the azo-bond broken, becoming clear and transparent grad-
ually. The digital multimeter was used to record the output voltage of 
the MFCs, as illustrated in Fig. 5B, the MFC inoculated with S. carassii- 
D5-C5 only took 3.5 h to quickly increase its bioelectricity generation 
from the initial 50.0 mV to the maximum voltage of 168.6 mV, while the 
MFC inoculated with S. carassii-D5 increased from the initial 20.0 mV to 
103.0 mV used ~7.5 h at the same condition accompanied with MO 
degradation. The MFCs inoculated with the engineered strain had 
smaller internal resistance, suggesting that enhanced riboflavin 
biosynthesis further strengthened the EET capacity of S. carassii-D5. The 
power density and polarization curves were calculated and shown in 
Fig. 5C, which showed that S. carassii-D5-C5 strain obtained a maximum 
power density of 192.3 mW/m2, ~1.6 times higher than that of S. car-
assii-D5. Notably, the slope of the polarization curve of S. carassii-D5-C5 
was smaller than that of S. carassii-D5, suggesting that the synthesis and 
secretion of riboflavin reduced the resistance of extracellular electron 
transfer and thus enhanced the EET [57,58]. 

Additionally, the biodegrade of MO in MFCs was also investigated. 
Fig. 5D illustrated that the UV–Vis spectra of MO solution in the cathode 
of MFCs inoculated with the strain S. carassii-D5-C5 at different reaction 
times, the gradual decrease in the absorbance at 465 nm revealed that 
MO was reduced gradually and suggested that the azo-bond of MO was 
depleted. The reduction rate of MO by S. carassii-D5-C5 was further 
identified by ultraviolet and visible spectrophotometer. As shown in 
Fig. 5E, S. carassii-D5-C5 exhibited more efficient degradation of MO. 
Within approximately 72 h, 86% of MO was reduced by strain S. carassii- 
D5-C5, which was 1.3 times higher than that of S. carassii-D5 (66%). To 
further investigated MO reduction kinetics in MFCs, the pseudo-first- 
order kinetics equation was used to describe the MO removal kinetics 
(Eq. (3)). Fig. 5F revealed that the calculated kinetics constant of S. 
carassii-D5-C5 was 0.0316 h− 1, which was 1.8 times higher than that of 
S. carassii-D5 (0.0175 h− 1). These results suggested that improving the 
synthesis of riboflavin not only enhanced EET but also promoted MO 
degradation of S. carassii-D5. 

4. Conclusions 

In summary, a Shewanella carassii-D5 with strong bioelectricity gen-
eration capacity was isolated from activated sludge by the electro-
chromism of WO3 nanoclusters, which could reach a maximum power 
density of 704.6 mW/m2, ~5.6 times higher than that of the model 
electroactive strain S. oneidensis MR-1 (125.0 mW/m2). Subsequently, 
two EET mechanisms of S. carassii-D5 were further identified, based on 
the analysis of electrophysiological indicators including the amount of c- 
type cytochromes, adhesion biomass, and riboflavin. Notably, these re-
sults demonstrated that S. carassii-D5 had a higher density of cyto-
chromes and stronger biofilm formation ability than S. oneidensis MR-1, 
thus facilitating direct EET. Moreover, to enhance the indirect extra-
cellular electron transfer of S. carassii-D5, riboflavin synthesis was 
further improved from 1.9 to 9.0 mg/g DCW by overexpression of the 
ribADEHC gene cluster from B. subtili. The maximum power density of S. 
carassii-D5-C5 reached 1286.3 mW/m2, which was 1.8 times higher than 
that of S. carassii-D5 (704.6 mW/m2). For the purpose of promoting the 
degradation of azo dyes and bioelectricity generation based on the 
above study, the MFC with S. carassii-D5-C5 as the anode biocatalyst and 
MO as the terminal electron acceptor was subsequently constructed. The 
MO degradation rate of S. carassii-D5-C5 increased from 66% to 86%, 
while the maximum power density improved by 1.6 times from 117.9 to 
192.3 mW/m2, respectively. In conclusion, the S. carassii-D5 strain iso-
lated from sludge shows superior organic matter degradation and 
bioelectricity generation ability, which provides a new possibility for 

MFCs in pollutant degradation and electricity recovery. 
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