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HIGHLIGHTS GRAPHICAL ABSTRACT

o Extracellular Fe(IlI) and electrode
respiration were firstly confirmed in

MJ2. /\ /\
e Detailed electrochemical and micro- = ’

scopic  analysis  methods  were
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e Comparative genomics elucidates the
complete electron transfer pathway of
MJ2.

e Inner membrane hydrogenase with cy-
tochrome c mediates IET of MJ2.

e Cytochrome c bound to the outer mem-
brane for EET of MJ2 by forming a
biofilm.
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ARTICLE INFO ABSTRACT

Editor: Huu Hao Ngo Microbial extracellular respiration is an important energy metabolism on earth, which is significant for the
elemental biogeochemical cycle. Herein, extracellular Fe(Ill) and electrode respiration were confirmed in

Keywords: Thermoanaerobacterium thermosaccharolyticum MJ2. The intra/extracellular electron transfer (IET/EET) mecha-

Intracellular electron transfer nism of MJ2 was investigated by comparative genomic analysis for the first time. Morphological characterization

and electrochemical properties of anode illustrated that MJ2 generated bio-electricity by forming a biofilm. The
respiration chain inhibition and enzyme activity tests showed that hydrogenase with cytochrome c (Cyt-c) was
involved in IET of MJ2. Noteworthily, the exogenous Cyt-c increased hydrogenase activity to promote bio-
electricity generation by 92.84 %. The Cyt-c gene synteny between MJ2 and another well-known exoelec-
trogen (Thermincola potens JR) indicated that Cyt-c bound to the outer membrane mediated the formation of
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biofilm involved in EET of MJ2. This study broadened the understanding of microbial extracellular respiration
diversity and provided new insights to explore the electron transfer pathways of exoelectrogens.

1. Introduction

Microorganisms produce energy through a variety of metabolic
modes, and extracellular respiration is a significant form of microbial
energy metabolism (Hallbeck and Pedersen, 1990; Lovley and Phillips,
1988; Myers and Nealson, 1988). Microorganisms transfer electrons
released from intracellular oxidation of organic matter to the extracel-
lular matrix under anaerobic conditions, and the energy produced by the
reduction of extracellular electron acceptors sustains their growth. Un-
like conventional anaerobic respiration, the end terminal electron
acceptor for extracellular respiration is extracellular. When electrons
produced by extracellular respiration pass through the intracellular
respiratory chain, it must pass across the non-conductive cell mem-
brane/wall to electron acceptors that cannot enter the cell (Lovley et al.,
2004; Weber et al., 2006). Some studies showed that insoluble metallic
minerals, electrodes, humic substances could also be used as the electron
acceptors for extracellular respiration by electroactive bacteria present
in different environments (even extreme ones) (Koch and Harnisch,
2016; Logan et al., 2019; Lusk et al., 2015; Parameswaran et al., 2013).
The discovery of microbial extracellular respiration is of great scientific
significance and application value, which expands the understanding of
the diversity of microbial energy metabolism and provides a scientific
basis for the study of extracellular respiratory microorganisms and their
respiratory modes. In addition, extracellular respiration has good
application prospects in the fields of in in-situ remediation of pollutants,
wastewater treatment, and lignocellulosic biomass energy recovery
through enriched mixed culture of thermophilic bacteria in microbial
fuel cell (MFC) technology (Anderson et al., 2003; Davila et al., 2011;
Dopson et al., 2016; Lusk et al., 2018).

Currently, most studies have focused on extracellular electron
transfer (EET) pathway in two model microbes (Shewanella and Geo-
bacter species), including indirect electron transfer mediated through
redox-active electron shuttles and direct electron transfer by conductive
pili or cytochrome ¢ (Cyt-c), such as Mtr, Cym, Omc and Ppc (Coursolle
et al., 2010; Kondo et al., 2015). However, the intracellular electron
transfer (IET) pathway of extracellular respiratory microorganisms re-
mains unclear. In addition, the mining of extracellular respiratory mi-
crobial diversity is still limited. As mentioned earlier, the diversity of
multihaem Cyt-c is directly related to the diversity of EET pathway,
which is not only involved in the transfer of intracellular electrons from
inner membrane (IM) to the periplasmic space (PS), but also has a large
share in the outer membrane (OM) (Kugarajah and Dharmalingam,
2021). The resolution of the Cyt-c function that mediates direct electron
transfer will contribute to the discovery of novel electron transfer
pathway.

As well documented, comparative genomics is used to compare
genomic features of a species or multiple species genomes based on
genome mapping and sequencing technologies, such as structural and
functional gene regions (Hols et al., 2005). By comparing the genome
structure and identifying the similarities and differences with bioinfor-
matics methods, it finds out the contraction and expansion of gene
families between species, the differentiation time and evolutionary
relationship, as well as the generation and evolution of new genes, etc.,
which has been widely used in clarifying the evolutionary relationship
of species and revealing the function of genes (Li et al., 2019b). How-
ever, until now, no comparative genomic analysis has been reported to
investigate the evolutionary relationships and functions of genes medi-
ating EET in exoelectrogens.

In this work, the extracellular Fe(III) and electrode respiration ability
of Thermoanaerobacterium thermosaccharolyticum MJ2 were carried out
for the first time by chemical, electrochemical kinetics methods, and

microscopic characterizations to understand its EET mainly through the
biofilm. In addition, the electron transfer pathway was reconstructed by
comparative genomic analysis, and its key site Cyt-c linking IET/EET
was identified, and the biological function of Cyt-c was resolved, thus
revealing its complete IET/EET mechanism and providing novel ap-
proaches for subsequent studies. This discovery is important for envi-
ronmental and bioenergy applications of thermophilic bacteria,
especially in capturing energy from the lignocellulosic biomass.

2. Materials and methods
2.1. Inoculum and culture condition

The thermophilic MJ2 isolated from paper sludge (Donghua paper
Co., Ltd., Guangdong, China) was cultured in the medium (1.3 g/L
(NHy4)2:SO4, 2.6 g/L MgC12~6H20, 1.43 g/L KHaPOg4, 5.5 g/L KoHPOy,
0.13 g/L CaCly-2H30, 6 g/L Nay-p-glycerophosphate-5H0, 1.1 mg/L
FeSO4-7H20, 0.25 g/L Glutathione, 4.5 g/L Yeast extract, pH = 7.0)
supplemented with 10 g/L xylan (Ryon biological technology Co., Ltd.,
Shanghai, China) for 16 h at 55 °C under anaerobic conditions (An et al.,
2018).

2.2. Extracellular Fe(III) reduction tests

Extracellular Fe(III) reduction was performed in a serum bottle (total
volume of 120 mL) containing 45 mL above medium supplemented with
10 g/L cellobiose as an electron donor. 0.5, 1, 2 and 4 g/L hematite
(Fe03, 99.8 %, Aladdin, China) was supplied to the serum bottle as an
electron acceptor. All medium were purged with Ny for 30 min and
sealed in serum bottles with rubber stoppers and aluminum lids, then
kept at shaker (150 rpm) for 24 h at 55 °C (Gonzalez-Gil et al., 2005). 5
mL of the above cultures were inoculated to the serum bottles used as
inoculum under sterile conditions.

2.3. Bio-electricity generation experiments

Microbial fuel cell (MFC) was composed of the anode/cathode
chamber and proton exchange membrane (PEM, Nafion-117, Chemo-
urs). The effective volume for each chamber of MFC was 150 mL. The
anode chamber contained 90 mL above medium supplemented with 10
g/L cellobiose as electron donor, while the cathode chamber was filled
with 100 mL Kg[Fe(CN)g] (50 mM, dissolved in 50 mM phosphate
buffer, pH = 7.0) as electron acceptor (Dai et al., 2017). PEM treated
with H02 (5 %, w/w) at 80 °C for 1 h before use, followed by soaking in
deionized water (Millipore, USA) for 30 min, then boiling in HySO4 (5 %,
w/w) at 80 °C for 1 h, and finally soaking in deionized water again for
30 min (Wu et al., 2018). Hydrophilic carbon paper (Taiwan carbon
technology Co., Ltd.) was used as the electrode of MFC. The surface area
of both the anode and cathode was 2.25 cm? (1.5 cm x 1.5 cm). The
anode and cathode were connected by an external titanium wire and
external resistor (2000 Q). 10 mL of the above cultures were inoculated
to the anode chamber was used as inoculum under sterile conditions.
MEFC was incubated in a shaker (150 rpm) at 55 °C for 24 h.

2.4. Morphological characterization

The morphological characterization of the anode was observed
through FE-SEM (Carl Zeiss, Jena, Germany). The carbon paper anode
was cut into small pieces (5 mm x 5 mm) and washed three times with
0.01 M phosphate buffer saline, fixed with 2.5 % (v/v) glutaraldehyde
for 5 h, and then dehydrated with a series of alcohol solution (30, 50, 70,
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Fig. 1. Effect of hematite loadings on extracellular Fe(IlI) reduction of MJ2. (A) Abiotic control; (B) total Fe concentration; (C) Fe(IlI) concentration and Fe(II)
production; (D) Fe(III) reduction rate; (E) Cell protein.
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90, 95, 100 %, v/v). Finally, FE-SEM observation was performed after
drying for 1 h with a critical evaporator (Tousimis, Autosamdri-815A,
USA).

2.5. Electrochemical measurements

The cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were performed to characterize the electrochemical properties of
MJ2 using an electrochemical workstation (CHI 650E, CH Instruments,
Inc., Shanghai, China) under anaerobic conditions. All measurements
were performed with suspensions of the anode chamber in the three-
electrode system, in which the anode of MFC was set as the working
electrode, the platinum plate as the counter electrode and the Ag/AgCl
as the reference electrode. The CV test was carried out with the scan
range of —2-1.6 V (vs. Ag/AgCl) and the scan rate of 20-200 mV/s (Bu
et al., 2022). The DPV test conditions were as follows: scan range of
potential, 0.55-1.25 V (vs. Ag/AgCl); amplitude, 50 mV; pulse width,
0.05 s; potential increment, 4 mV; quiet time, 2 s.

2.6. Electron transfer response assays

Before the bio-electricity generation process, five specific inhibitors
(final concentration: 0.5 mM capsaicin, 0.5 mM rotenone, 0.5 mM
dicumarol, 0.5 mM famoxadone and 20 mM tertiary butanol (TBA))
were added separately to the anode chamber as required to investigate
the electron transfer pathway (Lian et al., 2016; Wang et al., 2021).
Moreover, 10 pM flavins (98 %, Aladdin, China) and 1 pM Cyt-c (Mei-
mian Industrial Co., Ltd., Jiangsu, China) were also added to the anode
chamber to explore their effects on the electron transfer, respectively.

2.7. Complete genome-based comparative genomic analysis

The bioinformatics analysis (Fig. S1) includes complete genome
sequencing and comparative genomic analysis. MJ2 for complete
genome sequencing was harvested by centrifugation (4 °C, 12,000 xg, 5
min) 16 h after incubation, and was subsequently washed three times
with normal saline. Genomic DNA was extracted with the SDS method.
Libraries for SMRT sequencing was constructed with an insert size of 10
kb using the SMRT bell TM Template kit (Version 1.0). At last, the li-
brary quality was assessed on the Qubit® 2.0 Fluorometer (Thermo
Fisher Scientific, USA) and detected the insert fragment size by Agilent
2100 (Agilent Technologies, USA). The complete genome of MJ2 was
sequenced using the PacBio Sequel platform at the Beijing Novogene
Bioinformatics Technology Co., Ltd.

The comparative genomic analysis included genome visualization,
phylogenetic analysis, pan-genome analysis, average nucleotide identity
(ANI) and genomic synteny. The genome sequences and Cyt-c sequences
of other typical exoelectrogens were obtained from NCBI database. A
complete genome overview was created by CGView Server to visualize.
The data was analyzed on the online platform of Majorbio Cloud Plat-
form (www.majorbio.com). Genomic alignment between MJ2 and
reference genomes (DX-1 and JR) was performed using NCBI-BLAST.
Genomic synteny was analyzed by the TBtools program based on the
alignment results (Chen et al., 2020).

2.8. Analytical methods

The Fe(II) and total Fe concentration were measured by the ferrozine
colorimetric method with minor modification (Liu et al., 2019; Stookey,
1970). Briefly, 0.2 mL of samples, 0.8 mL of HCI (0.01 M) or NH,OH-HCl
(10 % w/v, dissolved in 0.01 M HCI]) were mixed into a 2 mL centrifuge
tube and placed in darkness for 1 h. After centrifuged at 12,000 xg for 5
min, 0.1 mL of supernatants and 0.9 mL of ferrozine solution (0.1 % w/v,
dissolved in 0.1 M CH3COONH,) were mixed to initiate the color reac-
tion, measured at 562 nm. The Fe(III) reduction rate was calculated with
Fe(II) compared with the concentration of total Fe.

Science of the Total Environment 905 (2023) 167294

The output voltage was recorded at 20 min intervals by a digital
collector (Lilliput optoelectronics technology Co., Ltd., Fujian, China)
connected to the external resistor. The output voltage curves were fitted
with a modified Logistic equation:

Um
VO = i oo
0
where the U (t) is the output voltage, Uy, is the peak voltage, Uy is the
initial voltage, a is the bio-electricity generation rate, b is the decay rate.

The flavins were measured by fluorescence spectrophotometer at an
excitation wavelength of 450 nm and an emission wavelength of 520 nm
(Lu et al., 2022). The Cyt-c was detected using a commercial enzyme-
linked immunosorbent ELISA kit (Meimian Industrial Co., Ltd.,
Jiangsu, China). The cell protein and hydrogenase activity were
analyzed as previously reported (Bu et al., 2021). To avoid the effect of
cell protein concentration on hydrogenase activity, the units of hy-
drogenase activity were converted to mL-Hy/g-cell protein.

The electron transfer system activity (ETSA) was tested based on
previous the 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phe-nyltetrazolium
chloride (INT) method with minor modification (Huang et al., 2022).
Briefly, 1 mL of samples, 3 mL of Tris-HCI (pH 8.6), and 2 mL of INT (0.2
%, w/v) were mixed into a 10 mL centrifuge tube and placed in a dark
shaker (37 °C, 150 rpm) for 30 min. 2 mL of formaldehyde (37 %, v/v)
was added to the centrifuge tube to terminate the reaction. Centrifuged
the samples at 8000 x g for 5 min and discarded the supernatant. 5 mL of
methanol was then added to redissolve the precipitation. Finally, the
samples were centrifuged at 5000 xg for 5 min to measure the absor-
bance at 485 nm.

The results in this study were analyzed by one-way ANOVA and
Duncan's multiple range test and presented as means + standard devi-
ation of three replicates of independent experiments. Statistical analysis
was performed using the software SPSS (Version 17.0, Chicago, USA) to
evaluate the significant difference (P < 0.05).

3. Results and discussion
3.1. Extracellular Fe(IIl) respiration of MJ2

In the absence of MJ2, the production of 0.5 mM Fe(II) was observed
at different hematite loadings after 24 h of anaerobic incubation
(Fig. 1A), indicating the presence of reducing substances in the medium.
It might due to the presence of glutathione, which is an important
antioxidant and free radical scavenger that binds to free radicals and
heavy metals (Yang et al., 2022a). However, the content of glutathione
was fixed in the medium, it did not change with hematite loadings.
Obviously, this part of Fe(Il) produced by abiotic action has been
removed in the calculation of Fe(II) production and Fe(IIl) reduction
rate. In addition, the differences in total Fe concentration between O h
and 24 h were not significant (P > 0.05) with different hematite loadings
in the presence and absence of MJ2 (Fig. 1A-B), suggesting that the
biosorption between hematite and MJ2 and the abiotic interaction be-
tween hematite and the medium were negligible. This was contrary to
the study of Jia et al. in which approximately 10 % decrease of insoluble
minerals was observed, due to adsorption with microorganisms (Jia
etal., 2021). This distinction might be caused by the difference in strains
or culture conditions. Besides, the concentration of Fe(IlI) gradually
decreased as the cultivation progresses in the presence of MJ2, while the
production of Fe(II) increased up to 8.67 mM (Fig. 1C), indicating that
the reduction of Fe(IlI) by microorganism was dominant. This phe-
nomenon suggested that MJ2 has Fe(III) reduction ability. It was able to
transfer electrons generated from the metabolism of intracellular
oxidized substrates to the extracellular insoluble hematite. A variety of
Shewanella and Geobacter species in Proteobacteria had extracellular Fe
(III) reduction ability (Koch and Harnisch, 2016; Logan et al., 2019;
Lovley and Phillips, 1988; Myers and Nealson, 1988), and this was the
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Fig. 2. Characterization of MFC of MJ2. (A) Bio-electricity generation performance; (B) Cell protein density of anode.

first report of T. thermosaccharolyticum in Firmicutes.

The kinetics fitting analysis (Fig. S2) indicated that the reduction of
Fe(IID) to Fe(Il) followed the first-order kinetics with R? all above 0.97.
The rate constant k increased and then decreased with the increase of
hematite loadings up to 0.043 h™! (2 g/L hematite). Additionally, the Fe
(III) reduction rate reached the maximum (59.40 %) with hematite
added at 2 g/L. However, the Fe(III) reduction rate decreased signifi-
cantly (P < 0.05) with the increase of hematite to 4 g/L (Fig. 1D),
indicating that the reduction of Fe(Ill) was significantly inhibited,
probably due to the toxicity of high Fe(III) concentration on cells. To test
the above conjecture, the cell protein concentration at different hema-
tite loadings was measured, and the result was presented in Fig. 1E. As

expected, the cell protein concentration also increased and then
decreased with the hematite additions. The maximum cell protein con-
centration (0.49 g/L) was reached with 2 g/L hematite addition. When
the addition of hematite was increased to 4 g/L, the cell protein was
significantly lower (P < 0.05), indicating that MJ2 was inhibited by Fe
(1) at high concentrations of hematite additions. High-dosage magne-
tite nanoparticles can reduce the anaerobic digestion performance, and
even ferrous ions caused ferroptosis of bacteria (Shen et al., 2020).

3.2. Extracellular electrode respiration of MJ2

The output voltage of MJ2 MFC on the electrode under four
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Table 1

The bio-electricity generation fitting of MJ2 MFC in four cycles.

Cycle index Peak voltage (mV) Output voltage difference (mV) R?

1 153.63 131.53 0.98
2 207.83 139.05 0.95
3 280.36 168.70 0.91
4 363.22 187.18 0.74

consecutive cycles was tested, and the result was shown in Fig. 2A.
Within each cycle, the output voltage increased first and then decreased
with incubation time. While the output voltage of the abiotic control
without the addition of MJ2 did not change significantly, suggesting that
the bio-electricity generation ability was correlated with inoculum
(Koffi and Okabe, 2020). The output voltage curves during the four

Science of the Total Environment 905 (2023) 167294

cycles were further fitted and the result was shown in Table 1. Both the
peak voltage and output voltage difference were significantly increased
with the index of cycles, suggesting that the electrogenic activity of MJ2
increased, which may be the result of the gradual maturation of the MJ2
MFC system. Many studies have reported that enriched electroactive
colonies require a longer period of maturation to form biofilm structures
and that MJ2 of pure culture may also mediate bio-electricity generation
through the establishment of biofilms (Huang et al., 2015; Michie et al.,
2011; Yates et al., 2012). In addition, the output voltage difference
increased by 21.32 % and 10.95 % from the second to the third cycle,
and from the third to the fourth cycle, respectively, which is higher than
the increase from the first to the second cycle (5.72 %), indicating that it
may have formed the biofilm in the third or fourth cycle and thus
reached a steady state.

To test the above hypothesis, FE-SEM observation (Fig. S3) was
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Table 2

Genomic features of exoelectrogens.
Statistics MJj2 JR DX-1 MR-1 PCA PAO1
Size (bp) 2,992,605 3,157,416 5,404,117 4,972,338 3,814,128 6,264,404
G+ C% 33.73 45.88 65.44 45.96 60.94 66.56
Coding genes 3106 3001 4892 4192 3397 5572
rRNA 15 9 27 27 6 13
tRNA 57 52 49 105 48 63
SRNA 5 4 4 6 30
Genomic islands 17 9 9 17 11 6
Prophages 4 0 2 3 0 1

performed on four cycles of anode electrode, it can be seen that the
anode surface of the abiotic control was smooth, with only some inor-
ganic salt particles attached to the electrode. After the first cycle, no
significant microbial attachment was observed on the anode surface,
probably due to strains being loosely adsorbed to generate bio-

electricity (Lee et al., 2004). At the end of the second cycle, some
strains were observed to be attached to the surface of the carbon paper,
and the bio-electricity generation was significantly increased during this
period. In addition, at the end of the third and fourth cycles, the number
of strains attached to the anode surface increased significantly. This
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phenomenon was similar to the results for cell protein density of the
anode (Fig. 2B). At the end of the first cycle, no cell protein was detected
on the anode. The cell protein density of the anode was significantly
higher in the second cycle than in the first cycle. And the further
extension of the domestication time, the cell protein density of the anode
continued to increase significantly (P < 0.05). However, the cell protein
density of the anode in the fourth cycle did not increase significantly
compared to the third cycle, indicating the formation of a stable biofilm
structure (Hassan et al., 2018; Zhuang et al., 2020), which is the main
way to mediate the bio-electricity generation of most Gram-negative
electrogenic strains that bring the microorganisms into direct contact
with the electrode (Saunders et al., 2020).

3.3. Extracellular electrochemical properties of MJ2

To further investigate the EET mechanism of MJ2, the extracellular
electrochemical properties of the anode solution of MJ2 MFC were
performed by the CV (Fig. S4) and DPV scans. The presence of two
anodic oxidation peaks was evident in the broad potential window
spanned, which was attributed to the activity of flavins (Peak 1) and Cyt-
¢ (Peak 2) electron transfer (Lu et al., 2022; Wang et al., 2018). In the
abiotic control, only the flavins oxidation peak was observed, which
may have been introduced from the yeast extract in the medium.
Additionally, the peak currents increased linearly with the logarithm of
the scan rates, suggesting that these redox reactions were typical elec-
trochemical kinetic processes (Yin et al., 2018). Notably, no oxidation
peak of Cyt-c was observed, further suggesting that Cyt-c was associated
with the presence of MJ2. It has been reported that Cyt-c was mainly
distributed on the OM of Gram-negative electrogenic strains and showed
EET through direct contact between the OM and the extracellular elec-
tron acceptors (Li et al., 2019a). High sensitively DPV scans showed the
characteristic peaks in the range of 0.55-1.25 V, attributed to flavins
(0.79 V vs. Ag/AgCl) and Cyt-c (1.12 V vs. Ag/AgCl), respectively,
whose function was mainly to mediate the EET of exoelectrogens
(Fig. 3A). The current of the peaks (i,) of both flavins and Cyt-c were
increased with the index of cycles, also suggesting enhanced electro-
activity of MJ2, which was consistent with the results of bio-electricity
generation (Bu et al., 2022). A multi-peak fitting of the DPV curves
showed a gradual increase in the peak areas of flavins and Cyt-c. As
shown in Fig. 3B-F, the i, of flavins increased from 4.03 pA to 6.78 pA,
while the i, of Cyt-c increased from 5.18 pA to 7.24 pA. Furthermore, by
calculating the fitted peak areas (Fig. 3G), the relative Qprmq increased
from 100 % to 256.30 % for flavins and from 100 % to 195.35 % for Cyt-
c, respectively. It indicated the enhanced bio-electricity generation
ability of MJ2 during the domestication process (Heidary et al., 2020).

To further quantify the two electron mediators detected in the
electrochemical characterization, the flavins and Cyt-c production were
determined, and the result was shown in Fig. 3H. There was no signif-
icant difference in flavins production as the cycle index increased (P >
0.05), and probably due to the formation of a stable biofilm structure
during the domestication of MJ2, which is mainly dependent on the
biofilm for the EET, and the smaller role of flavin in the EET process
(Yang et al., 2022b). In contrast, the production of Cyt-c increased
significantly with the index of cycles (P < 0.05). As mentioned previ-
ously, it has been reported that EET via biofilm was mediated by Cyt-c in
the OM, so the increased Cyt-c production also facilitated the formation
of the stable biofilm.

3.4. Comparative genomic analysis of MJ2

3.4.1. Characteristics of complete genome of MJ2

To clarify the whole electron transfer pathway of MJ2, the complete
genome sequence of MJ2 was analyzed to obtain more insights into the
substance and energy metabolism information. The genomic features of
MJ2 were showed in Table 2, the final assembly of MJ2 genome showed
that the complete genome size of 2.99 Mbp with G + C content of 33.73
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%, and genome annotation yielded 3106 coding genes, 15 rRNA genes,
57 tRNA genes and 5 sRNA genes. In addition, 17 genomic islands and 5
prophages were matched. Based on the above genome components, the
genome structure circle of MJ2 was mapped.

Besides, the coding genes spliced in the above sequencing process
were functional annotations using Clusters of Orthologous Groups
(COG), Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene
Ontology (GO), Non-Redundant Protein Database (NR), Swiss-Prot,
Pfam, Transporter Classification Database (TCDB), Carbohydrate-
Active enZYmes Database (CAZy), and the result was shown in
Table S1. The substance and energy metabolize pathways of MJ2 were
constructed using known metabolic pathways in above database to map
its IET pathways. Based on the genomic information of MJ2, it was
shown that a conventional CoQ-containing electron transfer chain
involving flavins and Cyt-c was present in the IET of MJ2 (Fig. S5).

3.4.2. Effect of electron mediators on electron transfer of MJ2

To investigate whether the EET of MJ2 passed through the above
conventional electron transfer chain, the corresponding specific respi-
ratory inhibitors were added to the anode solution of MFC to determine
its effect on electron transfer of MJ2. The addition of capsaicin, rotenone
and dicumarol had no significant effect on ETSA (P > 0.05), and these
phenomena suggest that the transfer of electrons from intracellular to
extracellular in MJ2 may not be via this electron transfer chain. How-
ever, the addition of famoxadone significantly inhibited ETSA (Fig. 4A),
suggesting that inhibition of electron transfer to Cyt-c could significantly
reduce ETSA. It has been reported that some hydrogen-producing Clos-
tridium with the EET ability (Xiao et al., 2018). In order to verify the
existence of hydrogenase pathway in MJ2, the H* quencher TBA was
added to determine its effect on ETSA, and as we expected, the addition
of TBA also significantly reduced ETSA. In addition, the simultaneous
addition of famoxadone and TBA further reduced ETSA, indicating that
the two inhibitors have a synergistic effect on this electron transfer
chain. In contrast, the addition of flavins did not significantly affect
ETSA, which is consistent with the results of bio-electricity generation,
indicating that flavins are not a key factor in the bio-electricity gener-
ation of MJ2. However, ETSA could be significantly increased after the
addition of Cyt-c, suggesting that Cyt-c is involved in the IET process of
MJ2.

The hydrogenase activity was further measured, and the result was
shown in Fig. 4B. Both TBA and famoxadone were able to inhibit hy-
drogenase activity, and their inhibition of hydrogenase activity had a
synergistic effect, while the addition of Cyt-c was able to significantly
promote hydrogenase activity (104.92 mL-Hy/g-cell protein), suggest-
ing that Cyt-c is related to hydrogenase activity. It is inferred that the
hydrogenase in MJ2 contains Cyt-c hydrogenase (EC 1.12.2.1), which
uses Cyt-c as a coenzyme and is present in IM or PS of sulfate-reducing
bacteria (Yang et al., 2020).

Meanwhile, the effects of various inhibitors on the bio-electricity
generation performance were shown in Fig. 4C. The effects of adding
capsaicin, rotenone and dicumarol on the bio-electricity generation
performance were not significant, while the addition of famoxadone and
TBA had inhibitory effects on it, indicating that they also had inhibitory
effects on the EET performance. It can be seen that the addition of
famoxadone, TBA or their combinations was able to reduce the peak
voltage and output voltage difference (Table S2). The peak voltage was
only 91.41 mV for both additions, while the addition of Cyt-c signifi-
cantly promoted the bio-electricity generation, increasing the peak
voltage to 307.55 mV. Furthermore, the addition of flavins had no sig-
nificant effect on the bio-electricity generation properties, which also
indicated that flavins were not involved in EET, while Cyt-c played an
important role in EET. Cyt-c uses heme c containing iron porphyrins as a
cofactor and is a soluble cytochrome, which can act as an electron
shuttle mediator or terminal reductase (Lowe et al., 2010; Myers and
Myers, 1992).
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3.4.3. Cyt-c gene specificity of MJ2

To elucidate the function of Cyt-c in the electron transfer of MJ2,
comparative genomic analysis was performed on several typical exoe-
lectrogens, which transferred electrons to extracellular by the biofilm
and used Cyt-c as an electron shuttle mediator. The complete genome
sequence of six exoelectrogens was analyzed to obtain more insight into
the genetic information, and the result was shown in Table 2. Besides,
the evolutionary status of the six strains was analyzed, and a phyloge-
netic tree was constructed with 16 S rDNA as shown in Fig. 5A, from
which it is clear that MJ2 has a closer phylogenetic relationship with JR
and a more distant affinity with PAOI and MR-1, which may be due to
the fact that MJ2 belongs to the same Firmicutes as JR, while PAO1 and
MR-1 belong to the same Proteobacteria, and the bacterial taxonomy
represents its distant affinities (Torres et al., 2009). In addition, a pan-
genome analysis of these six microorganisms showed that there were
only 138 core genes in these six strains (Fig. 5B), and the percentage of
unique genes was high in the whole genome, indicating that although all
of these six strains had electrical production properties, the uniqueness
of their respective genomes was high. Among these six strains, MJ2 had
the least number of non-redundant specific genes with JR. The core
genes can reflect the similarity of microbial phenotypes (Fig. 5C). ANI
analysis of core genes showed that MJ2 had the highest similarity with
DX-1, and MJ2 had the second highest similarity with JR, indicating that
the bio-electricity generation activity of MJ2 is functionally similar to JR
or DX-1 (Fig. 5D). Establishing the linkage of genomic synteny between
MJ2 and DX-1 and JR (Fig. 5E-F), respectively, showed that there are
more synteny regions between the genomes of MJ2 and JR, and these
regions may be associated with some of their phenotypes. In contrast,
there were fewer regions of synteny between MJ2 and DX-1 (gray
linkage), indicating that the two have fewer similar phenotypes. The
regions associated with Cyt-c function were identified in the genome
sequences of the three microorganisms separately and annotated on the
genome. Further analysis of Cyt-c gene was performed, and a fragment
with synteny with Cyt-c gene (red linkage) was found on the genome of
JR, while this region was not found in DX-1, indicating that Cyt-c in MJ2
is functionally similar to Cyt-c in JR, while in JR, THERJR-RS02400,
which controls Cyt-c synthesis (Table S3), shuttles between the inner
and outer membrane to mediate electron transfer, and is able to bind to
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the outer membrane to mediate electrons transfer (Byrne-Bailey et al.,
2010). However, there is only one gene controlling Cyt-c synthesis in
MJ2, unlike other exoelectrogens with multihaem Cyt-c. This results in
fewer electron transfer pathways, but the IET in MJ2 is via NADH to the
hydrogenase of the IM or PS, and the Cyt-c on the hydrogenase can
shuttle from the IM to the OM, mediating the formation of biofilm.
Therefore, it could directly get the electron from hydrogenase, instead of
the CoQ-involved long electron transfer chain. In this way, the electron
transfer distance was greatly shortened, leading to a significant
improvement in electron transfer efficiency.

3.5. Proposed mechanism of electron transfer in MJ2 and the significance
of this study

The mechanism of electron transfer in MJ2 was shown in Fig. 6.
Here, the IET pathway of MJ2 does not pass through the conventional
respiratory chain, but through the hydrogenase with Cyt-c as the coen-
zyme, which transfers electrons from NADH generated by intracellular
oxidized electron donor to Cyt-c. Intracellular electrons obtained from
Cyt-c on the IM were shuttled through the PS to Cyt-c bound to the OM.
Since MJ2 formed a biofilm on the electrode surface, it leads to direct
contact with the extracellular electron acceptor, thus transferring elec-
trons from Cyt-c widely distributed on the OM directly to the extracel-
lular electron acceptor. This shortens the distance of electron transfer
and improves the efficiency of electron transfer to the extracellular. The
mechanism of electron transfer proposed in this study provides new
insight into exploring the diversity of extracellular respiration.

4. Conclusion

This study demonstrated that T. thermosaccharolyticum MJ2 showed
extracellular Fe(III) and electrode respiration ability. Notably, a novel
electron transfer pathway via Cyt-c/hydrogenase-based was proposed in
T. thermosaccharolyticum MJ2, which effectively shortens the EET route.
Meanwhile, the exogenous Cyt-c increased hydrogenase activity and
bio-electricity generation performance. Moreover, the Cyt-c of the outer
membrane mediates the formation of biofilms for the direct transfer of
electrons to the extracellular electron acceptor. However, the role of
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Cyt-c was only roughly investigated. Mostly, the function of extracted
and purified Cyt-c needed further exploration.
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