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ARTICLE INFO ABSTRACT

Biofilm formation and maturation have been demonstrated to be regulated by distinct forms of cell-cell com-
munication factors such as chemical and physical signals. However, whether the Geobacter sp. biofilms, which
are typical electroactive biofilms, are affected by chemical signals is poorly understood. This research in-
vestigated the effects and corresponding mechanisms of endogenous and exogenous chemical signals (i.e., N-
acylhomoserine lactones, AHLs) on the Geobacter soli biofilm. The results showed that Geobacter soli GSSO1
secreted detectable endogenous AHLs to facilitate the formation and electrochemical activity of the biofilm, and
that exogenous AHLs could further promoted these activities. Analyses of surface proteins revealed that the
mechanisms promoted by endogenous and exogenous AHLs were somewhat different. Endogenous AHLs im-
proved the relative abundance of external membrane proteins, while exogenous AHLs further facilitated the
formation of amide II and a stronger H-bond between the carbonyl group and the amide. Furthermore, the
proteomics analysis indicated that endogenous AHLs enhanced extracellular polymeric substance production by
up-regulating the expression of key enzymes participating in EPS production, and simultaneously affected the
physiological performance of individual cells. These results demonstrate, for the first time, the importance of
chemical signals in Geobacter sp. and provide a comprehensive understanding of the chemical signals involved in
biofilm formation and electrochemical activity of Geobacter sp..
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1. Introduction

Biofilms are widely applied in wastewater treatment systems since
they grow on the solid surface and can easily be separated from water to
avoid secondary pollution (Zhou et al., 2017). Electroactive biofilms
(EABs) are one of the most promising types of biofilms for usage in
wastewater treatment and other pollution control measures due to their
unique capability of transferring electron to and from solid materials,
such as electrodes. EABs play a key role in bioelectrochemical systems
(BESs), which are devices capable of energy production, bioremedia-
tion, and value-added chemical production (Pant et al., 2012; Zhang
et al., 2010; Choi and Sang, 2016), therefore, the formation and reg-
ulation of EABs are most crucial for BES performance (Zhuang et al.,
2011).

Biofilm formation and maturation can be regulated by distinct forms
of communication factors such as chemical signals (Lynch et al., 2002;
Brameyer et al., 2015) and physical signals (Humphries et al., 2017).
Quorum sensing (QS) is the best characterized cell-cell communication
process in which bacteria employ chemical signals to enable
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communication that leads to synchronized collective behavior in a
population density-dependent manner (Juhas et al., 2005; Ng and
Bassler, 2009; Tseng et al., 2016). Generally, gram-negative bacteria
employ the class of N-acylhomoserine lactones (AHLs) as chemical
signals: thus, their QS system is called the AHL-dependent QS system
(Brameyer et al., 2015). AHLs can be destroyed by acylases which hy-
drolyze the amide bond between the acyl chain and the homoserine
lactone ring of AHLs (Utari et al., 2017).

Previous studies have documented that the QS system's influence on
the performances of EABs in BESs. First, the QS system has a positive
impact upon the electron shuttle production of Pseudomonas aeruginosa.
For example, QS facilitates the production of phenazine, which acts as
the electron shuttle to mediate electron transport from P. aeruginosa to
the electrode (Venkataraman et al., 2010; W. Liu et al., 2015). Based on
these studies, experiments were performed to manipulate the QS system
of P. aeruginosa, such as overexpressing the QS rhl cassette or introdu-
cing a synthetic pgsE gene into a QS system negative mutant. These
manipulations led to superior electron transfer capability (Yong et al.,
2011; Wang et al., 2013). Second, AHLs regulate the microbial
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community structure of mixed-culture EABs. Cai et al. (2016) reported
that the cathodic microbial community structure in the presence of
AHLs had more electrochemically active bacteria, which achieved a
hydrogen yield increase of 81.82%. Chen et al. (2017) showed that the
relative abundance of electroactive bacteria assigned to Geoboacter sp.
increased with the addition of AHLs, resulting in the enhanced elec-
trochemical activities of EABs. Third, AHLs play a role in biofilm for-
mation. Monzon et al. (2016) added QS signals to Halanaerobium
praevalens BESs and confirmed that exogenous alkyl-quinolones stimu-
lated bacterial attachment to the anode but that exogenous AHLs could
not. Chabert et al. (2018) demonstrated that exogenous AHLs improved
the biofilm formation of Acidithiobacillus ferrooxidans on the electrode
surface.

Whether the electrochemical activity and the biofilm formation of
Geobacter sp. are influenced by AHLs, and whether Geobacter sp. gen-
erate endogenous AHLs, have not been reported. Previous works have
shown that Geobacter sp. employs outer surface c-type cytochromes or
conductive bacterial nanowires (Lovley, 2012; Reguera, 2011) in direct
response to the electron-acceptor. Dong-yeon et al. (2017) defined this
electron transfer of Geobacter sp. as electrochemical communication,
and Reguera (2011) inferred that Geobacter sulfurreducens nanowires
involved in cell-cell communication can be regarded as physical signals
but not chemical signals, since physical signals can propagate through a
wide range of media and enable rapid cellular responses. However, our
previous study (Chen et al., 2017) showed that the relative abundance
of Geoboacter sp. in EABs increased in response to exogenous AHLs,
which suggests that Geoboacter sp. might be capable of receiving che-
mical signals. In addition, a homolog of QS gene luxR which codes for
the AHL-receptor protein and a homolog of QS gene luxI which codes
for the AHL-producer protein are found in Geobacter soli GSSO1, Geo-
bacter sulfurreducens PCA and Geobacter metallireducens GS-15 (Case
et al., 2008). We thus hypothesize that both endogenous and exogenous
chemical signals (AHLs) can affect the biofilm formation and properties
of Geobacter sp. as well as the physical signals.

Geobacter soli GSSO1was the first bacterium isolated from soil, has
more environmentally significant physiological properties not found in
G. sulfurreducens, and exhibit superior capacity for reducing insoluble
Fe (III) oxides and generating current comparing with model species G.
sulfurreducens PCA (Yang et al., 2017). Herein, to address the hypoth-
esis, Geobacter soli GSS01 (Zhou et al., 2014) was inoculated into the
pure-culture BES with different treatments. The main objectives of this
study were to (i) investigate the positive impacts of endogenous and
exogenous chemical signals on biofilm formation and electrochemical
activity of Geobacter soli biofilms, and (ii) reveal the different stimula-
tive mechanisms of endogenous and exogenous chemical signals by
analyzing the outermost surface proteins and the whole suite of pro-
teins via proteomics.

2. Materials and methods
2.1. Reactor construction and operation

The dual-chamber BES consisted of two cylindrical glass vessels
with a liquid volume of 30 mL and a headspace volume of 5mL. The
chambers were separated by a proton exchange membrane (Nafion 117,
DuPont Co., USA). Graphite plates (0.5cm X 1 cm X 1.5cm) were po-
lished using sandpaper (grit type 400), sonicated for 30 min, soaked in
1 M HCI overnight, rinsed with Mili-Q water and then used as working
and counter electrodes. The saturated calomel electrode (SCE) was used
as the reference electrode and was connected to the working chamber
with a porous vycor frit acting as salt bridge which prevented deviation
of referential potential as previously described (Jana et al., 2014) (Fig.
S1). The reactors were filled with deionized water, purged with N»-CO,
(80: 20), sealed with butyl-rubber stoppers (20 mm), and then auto-
claved at 121 °C for 30 min. Then, the counter chamber was filled with
anaerobic and sterile freshwater medium, while the working chamber
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was filled with anaerobic and sterile freshwater medium modified with
12 mM CH3COONa as the electron donor. Two typical exogenous AHLs,
N-Hexanoyl-DL-homoserine lactone (C6-HSL) and N-(3-oxo-dodeca-
noyl)-L-homoserine lactone (30C12-HSL), were added to the working
chamber to a final concentration of 10 uM. Acylase I (from porcine
kidney) was added, with a final concentration of 6 ng/mL, to investigate
the effect of endogenous AHLs. AHLs and/or acylase were added at
each electric cycle. Control BESs (defined as CK) that received no AHL
and acylase were also set up. Geobacter soli GSS01 was cultured as
previously described (Zhou et al., 2014) and was inoculated into each
working chamber after 50 mM phosphate buffer (PBS) washing and
centrifugation. Working electrodes were polarized at 0.3 V vs. SCE with
a multichannel potentiostat (CHI 1000 C, China), and current densities
(mA/cm?) were normalized with the maximum projected area of the
working electrode (1.5 cm?). Each treatment was run in fed-batch
mode, at least quadruplicate, at 30 °C

2.2. Biofilm analysis

The structures of EABs were characterized using the LIVE/DEAD
BacLight viability kit (L7012, Thermo Fisher Scientific, USA) and a
confocal laser scanning microscope (CLSM) (LSM880, ZEISS, Germany)
(Boulos et al., 1999). At least six CLSM images for each sample were
selected at random. To evaluate the total biomass of EABs on the
electrode, EABs were extracted with the protein extraction reagent with
phenylmethanesulfonyl fluoride (PMSF) and DL-dithiothreitol (DTT)
(One Step Bacterial Active Protein Extraction Kit, Sangon Biotech,
China), and the bicinchoninic acid method (Smith et al., 1985) was
used to determine the protein contents.

2.3. Electrochemical measurements

Cyclic voltammetry (CV) was performed with a workstation (CHI
660, Chenhua Instrument, China) in the range of 0.2 to —0.8 V at scan
rates of 5mV/s and 1 mV/s under turnover (in the presence of acetate)
and non-turnover (in the absence of acetate) conditions in PBS, re-
spectively. Electrochemical impedance spectroscopy (EIS) was con-
ducted over a frequency range of 1000 kHz to 0.1 Hz, with a sinusoidal
perturbation of 10 mV amplitude, to analyze the internal impedances of
EABs. Extracellular polymeric substances (EPS) extraction was carried
out as previously reported (Chen et al., 2017). The electron-accepting
capacities (EAC) and electron-donating capacities (EDC) of EPS were
detected in 0.1 M PBS and 0.1 M KCl as electrolyte that were purged
with N, for 30 min before the measurements at applied potentials of
—0.49V and + 0.61V, respectively, according to Yu et al. (2015).

2.4. Detection of AHLs

For AHLs detection, the electrolyte was collected after the biofilm
had matured and was then centrifuged (5000 X gX 10 min). The su-
pernatant was collected and extracted as previously described (Gould
et al., 2006). The AHL-sensing bacterium Agrobacterium tumefaciens
KYC55, with a [3-galactosidase reporter gene and with sensitivity to a
broad range of AHL derivatives, was provided by Prof. Jun Zhu
(Nanjing Agricultural University, China) (Zhu et al., 2003) and was
used to demonstrate the AHL secretion by G. soli. Analyses of AHLs
using the reverse phase high-performance liquid chromatography
(HPLC) coupled with ion trap mass spectrometry (Waters SQD 2, USA)
were conducted according to Gould et al. (2006).

2.5. Outermost surface proteins and proteomics analysis

Electrochemical in situ Fourier transform infrared spectroscopy
(FTIR) spectra were measured with a Nicolet 6700 FTIR spectrometer
(Thermo Fisher Scientific) equipped with a liquid nitrogen-cooled,
narrow-band MCT-A detector to observe the phase transition behavior
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of the outermost surface proteins during electrochemical reactions. The
glassy carbon electrode, the SCE and the Pt sheet were used as the
working electrode, the reference electrode and the counter electrode,
respectively. The working electrode was polished with 0.5mm alu-
minum oxide powder before the biofilms were added onto its surface. A
thin layer configuration equipped with a CaF, window was placed out
of the IR chamber in a vertical configuration, and then the working
electrode with biofilms was placed inside the IR cell, which was filled
with 0.1 M PBS and 0.1 M KCl, during FTIR measurements. The sample
potentials were set at a range of —0.8-0.4 V with an interval of 0.2V,
and the reference potential was set at —0.9 V. Two-dimensional cor-
relation spectroscopy (2DCOS) was conducted, with potentials as the
external perturbation, and were analyzed according to Chen et al.
(2015).

Triple replicates of EABs with addition of AHLs or acylase, and the
controls were harvested for protein extraction. In brief, the samples
were incubated in lysis buffer (7 M Urea, 2 M Thiourea, 4% SDS, 40 mM
Tris-HCl, and pH 8.5), containing 1 mM PMSF, 2 mM EDTA and 10 mM
DTT, and were centrifuged to remove cell debris and to precipitate
proteins. The proteins were mixed with acetone and centrifuged, and
then the protein pellets were reduced, alkylated, digested and desalted.
LC-ESI-MS/MS analysis was performed on a Triple TOF 5600 plus
system. Data-dependent acquisition (DDA) was followed by SWATH
acquisition for the same sample, with the same gradient conditions and
the same amounts of sample. The original MS/MS data generated by
DDA were submitted to ProteinPilot Software version 4.5 (AB Sciex,
USA) for database searching. For protein identification, the Paragon
algorithm (Shilov et al., 2007) integrated into ProteinPilot was em-
ployed. An automatic decoy database search strategy (Choi and
Nesvizhskii, 2007) was employed to estimate the false discovery rate
using the PSPEP (Proteomics System Performance Evaluation Pipeline
Software, integrated in the ProteinPilot Software). Spectral library
generation and SWATH data processing were performed using skyline
(Sterling et al., 2013) version 3.5 software. Prior to targeted data ex-
traction, a spectra library document was automatically generated. To
eliminate the random errors and the sample bias, all the data were
normalized using a median normalization method (Oberg and
Mahoney, 2012). To assess the data confidence and to control the false
discovery rate, the mProphet algorithm of skyline was employed to-
wards each extracted peak.

3. Results and discussion
3.1. AHLs stimulate biofilm formation and electroactivity of Geobacter soli

Morphology and biomass were monitored throughout the first to the
fifth cycles, demonstrating that both endogenous and exogenous AHLs
stimulated biofilm formation of Geobacter soli. As shown in Fig. S2a and
S2b, EABs with exogenous AHLs (including C6-HSL and 30C12-HSL)
had the most biomasses associated with anodes, but the biomass was
obviously less without any AHL (i.e., the treatment with acylase addi-
tion). The CLSM images revealed the positive role of both endogenous
and exogenous AHLs for biofilm formation. In the first cycle (Fig. 1),
almost complete EABs appeared with exogenous AHLs, while other
treatments did not. In the fifth cycle, visible mature biofilms were ob-
served in Fig. 1 with exogenous AHLs, while only parts of the biofilms
were metabolically active for other treatments. Moreover, AHLs sig-
nificantly increased the ratio of live/dead cells and the shortness of the
start-up period. Likewise, with acylase addition, the biomass and the
biofilm formation were inferior to the controls, indicating that en-
dogenous AHLs secreted by G. soli had the same function.

AHLs stimulated the electroactivity of Geobacter soli as well as the
biofilm formation. Shortened start-up time and enhanced current out-
puts of BESs were obtained in the presence of AHLs (Fig. 2a). BESs with
both exogenous and endogenous AHLs began to get pronounced current
peaks at day 4, while BESs with only endogenous AHLs or without any
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AHLs attained initial current peaks at day 12 and day 20, respectively.
In the fourth cycle, the maximum current density of the treatment
without any AHL was lower than that with endogenous AHLs, both of
which were just approximately half of the maximum current density in
the presence of both exogenous and endogenous AHLs. In the first and
second cycle, moreover, the current generation of per mg biomass was
also enhanced in the presence of both exogenous and endogenous AHLs
(Fig. S2¢). To confirm the AHL-degradation function of acylase, treat-
ments in the presence of both AHLs and acylase were also conducted.
Additionally, AHLs or acylase applied in these experiments could not be
used as carbon sources (Chen et al.,, 2017) nor could influence the
growth of G. soli in liquid culture (Fig. S3), indicating that exogenous
and endogenous AHLs play a regulative role in enhancing the current
generation.

CV was employed to investigate the influence of AHLs on the redox
activities of G. soli EABs. As depicted in CV under turnover conditions
(Fig. 2b), G. soli EABs with exogenous AHLs attained the highest cata-
lytic current among all the treatments. No redox peak was observed in
the sterile PBS with the addition of AHLs and acylase (Fig. S4), in-
dicating that all the redox signals were caused by biofilm-based redox
compounds. CV under non-turnover conditions is shown in Fig. 2d.
Three major redox systems with formal potentials of —0.39 + 0.1V
(E1), —0.29 £ 0.1V (E;) and —0.08 = 0.1V (E3) can be dis-
tinguished for G. soli EABs with exogenous AHLs and the controls, and
all these redox systems were involved in the bioelectrocatalytic electron
transfer (Liu et al., 2008; Zhu et al., 2012). The redox peak located at E,
disappeared with acylase addition, and all peak currents with exo-
genous AHLs were higher than those of the other treatments.

The EIS of EABs was used to reflect the processes of extracellular
electron transfer involved in the overall electron transfer rate measured
as current output (Babauta and Beyenal, 2017). As shown in Fig. 2¢, all
the EIS curves were fitted with equivalent circuits, which include so-
lution resistance (Ry), charge transfer resistance (R.) and biofilm re-
sistance (Rpiofim) as shown in the inset (Karthikeyan et al., 2015). BESs
in the absence of endogenous and exogenous AHLs attained the highest
R and Rpopm among all the treatments. In contrast, the R, and Rpiofiim
values upon exogenous AHLs addition were the lowest (Table S1), being
about half of those from treatments with only endogenous AHLSs, which
highlights the effectiveness of both exogenous and exogenous AHLs in
enhancing the charge transfer ability and electro-conductivities of G.
soli EABs.

The EAC and EDC can be used to characterize the electroactivity of
electrochemically active substances such as outer-membrane c-type
cytochromes in EPS (Chen et al., 2017; Xiao et al., 2017). As shown in
Fig. 3, the EAC of total EPS without endogenous AHLs was slightly
lower than that of the controls. The EDC and EAC of the total EPS with
the addition of C6-HSL were ~75% and ~50% higher than the controls,
and the EDC of total EPS with 30C12-HSL was ~50% higher than
controls, demonstrating that exogenous AHLs could enhance the redox
activities of EPS. Taken together, the results show that the CV and EIS
as well as the EDC and EAC of EPS highlights that both endogenous and
exogenous AHLs can improve the electrochemical activities of G. soli
EAB:s.

3.2. Geobacter soli can secrete detectable AHLs

The formation and electroactivity of G. soli biofilm were inferior to
the controls with acylase addition; thus, we speculated that G. soli se-
cretes endogenous AHLs, and we conducted some experiments to con-
firm the AHL secretion. The AHL biosensor Agrobacterium tumefaciens
KYC55 secreted f3-galactosidase in the presence of AHLs, which hy-
drolyzed X-gal to generate macroscopic, colored small molecules. The
KYC55 were cultured with the addition of extraction fractions to deduce
whether G. soli EABs produced endogenous AHLs. As shown in Fig. 4, G.
soli indeed secreted some endogenous AHLs. The types of endogenous
AHLs secreted by G. soli were analyzed by LC/MS. Gould et al. (2006)
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Fig. 1. CLSM Images with the addition of different AHLs and acylase for (a) the first and (b) the fifth cycles of the BESs. (Live cells were imaged as green, while dead
cells were imaged as red.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

showed the ions monitored in Q1 and Q3 of a series of AHL standards;
thus, we followed the precursor ion-scanning analysis to identify AHLs
in our samples. In this study, AHLs were detected in the electrolyte
extract of G. soli by scanning for the parent ions shown in Fig. 4. The
accurate masses at m/z 203.3 and their [M + Na]™ adducts at m/z
303.3 were corresponded to 30C5-HSL, 30C14-HSL and C15-HSL, re-
spectively (Gould et al., 2006). Therefore, we roughly inferred that G.
soli could secrete one or several kinds of AHLs among 30C5-HSL,
30C14-HSL and C15-HSL.

3.3. Both exogenous and endogenous AHLs facilitate the formation of the
outermost surface proteins

Molecules participating in the electron transport pathway to the cell
exterior during the biofilm formation can be identified (Busalmen et al.,
2010; Dong-yeon et al., 2017). The phase transition behaviors of out-
most surface proteins during the biofilm formation were identified by
electrochemical in situ FTIR spectroscopy which can reveal the elec-
trochemical reaction of redox pairs at the molecular level. Bands that
varied with potential shifting were related to redox reactions that oc-
curred at cell-electrode interface (Yu et al., 2015). As shown in Fig. 5,
bands appeared at 1158, 1250, 1400, 1418, 1523, 1600 and 1660 cm ~!
for control biofilms (Fig. 5a), while there were only five bands at
1215ecm™!, ~1350cm ™, 1478 cm™*, 1553 cm ™" and 1660cm ™! in
the absence of endogenous AHLs (Fig. 5b). Comparing the spectra in
Fig. 5a and b, the two major bands assigned to c-Cyts had one shifted
one at 1215 cm ™%, suggesting a relatively lower abundance of external
membrane proteins in the EABs without endogenous AHLs, and this

should be the main reason for the lower current generation and the
inferior biofilm in the absence of endogenous AHLs. As shown in
Fig. 5c, the bands occurred at 1158, 1250, ~1350, 1418, 1540, 1600
and 1660 cm ™! for those with C6-HSL. Notably, the control biofilms
(Fig. 5a) and those with exogenous AHLs were dominated by the strong
absorbance bands at 1158 cm ™! and 1250 cm ™!, which were reported
in relation to c-Cyts (Yang et al., 2017). Comparing the spectra depicted
in Fig. 5a and c, the biofilm with exogenous AHLs lacked bands at
1400 cm ™! and 1513 cm ™, which have been assigned to the amide IIT
vibration of the peptide backbone and tyrosine (Busalmen et al., 2008;
Ataka and Heberle, 2004); however, two new bands at ~1350 cm ™!
and 1540 cm ™! appeared, which could be assigned to amide III and
amide II. Amide II is a good indicator of the change in protein sec-
ondary structures (Yan et al., 2016) and Y. Liu et al. (2015) demon-
strated that amide II loaded on external membranes proteins had the
role of binding and electron transfer during biofilm formation. Thus,
with the addition of exogenous AHLs, tyrosine was replaced by amide II
which plays a key role in biofilm formation (Steenackers et al., 2012)
and results in superior G. soli EABs.

In addition, 2DCOS was employed to enhance the spectral resolu-
tion of different outmost groups to various potentials. The synchronous
maps showed two predominant autopeaks centered at 1250 cm ™! and
1612cm ™! for the control (Fig. 5d), four centered at 1125 cm”},
~1350cm ™%, 1478 cm ™! and 1612cm ™! without endogenous AHLs
(Fig. 5e), and two centered at ~1250cm ™! and 1350 cm ™' in the
presence of exogenous AHLs (Fig. 5f). Comparing the synchronous
maps of Fig. 5d and f, the peaks correlating to 1612 cm ™' shifted to
1350 cm !, The lower wavenumber indicates a shorter atomic distance
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Fig. 2. Electrochemical performances of the EABs. (a) Current density produced versus time of the BESs for the five cycles with the addition of different AHLs (C6-
HSL, 30C12-HSL) or acylase (representative images are selected from three independent experiments), (b) cyclic voltammetric analyses of biofilm under the turnover
condition (scan rates: 5mV/s), (c) nyquist plots of BESs and the fitted data (solid line) according to the equivalent circuit (inserted), and (d) cyclic voltammetric
analyses of biofilm under the non-turnover condition (scan rates: 1 mV/s) in presence of AHLs and/or acylase.
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Fig. 3. EAC and EDC of the EPS in the presence of AHLs and/or acylase.

and a stronger protein H-bond (Jiang et al., 2010); thus, exogenous
AHLs facilitated the formation of a stronger H-bond between the car-
bonyl group and the amide within the protein. The H-bonds of proteins
at cell surfaces were more reactive in interfacial interactions than other
functional groups (Yan et al., 2016), which could be a reason for the
more electroactive biofilm formed with exogenous AHLs. The detailed
assignments of the bands and the signs of their cross-peaks in asyn-
chronous maps (Fig. 5g, h and i) are shown in Table 1. Using the se-
quential order rules in Chen et al. (2015), we inferred that the response
rate change sequence of outmost groups to the shifting potentials (from
—0.8 to 0.4V) followed the following order: heme ring — amide III
with exogenous AHLs. Without endogenous AHLs, the outmost groups
followed the following order: binding of C-O stretching — binding of
CH,/CH3 — amide III— amide 1. Previous studies indicated that there
are many heme rings allocated in the outer membrane of the Geobacter

EABs (Busalmen et al., 2008); however, the heme ring does not parti-
cipate in the process of electron transfer in G. soli biofilm in the absence
of endogenous AHLs. In general, endogenous AHLs improve the relative
abundance of external membrane proteins, while with addition of
exogenous AHLs further facilitate the formation of amide II and a
stronger H-bond between the carbonyl group and amide in the G. soli
biofilm.

3.4. Proposed mechanisms of AHL-effects on Geobacter soli biofilms
revealed by comparative proteomics

The electrochemical experiments only reflect proteins involved in
electron transfer, while proteomics of G. soli biofilms would further
elucidate the multiple mechanisms of individual cells responding to
AHLs. SWATH-MS is a recently advanced method that provides ex-
tensive lab-free quantitation of the peptide in a sample. Table S2
summarizes the number of the down-regulated (p < 0.05) and up-
regulated (p < 0.05) proteins. COG and GO classifications of these
proteins are shown in Fig. S5 and S6. SWATH-MS analysis revealed 445
proteins and 15 proteins with significantly different levels (p < 0.05)
of abundance between pairwise comparisons of biofilms with en-
dogenous and exogenous AHLs, respectively (Table S3 and S4). Among
these proteins, 225 proteins and 7 proteins were up-regulated in the
presence of endogenous and exogenous AHLs, respectively, while 170
proteins and 8 proteins with endogenous and exogenous AHLs, re-
spectively, were down-regulated.

The differently expressed proteins were classified according to their
COG categories (Fig. 6a and b). As shown in Fig. 6a, the COG of the
biofilm exposed to acylase assessed the down-regulated proteins as
involved in “energy production and conversion”, “nucleotide transport
and metabolism”, “carbohydrate transport and metabolism” and
“amino acid transport and metabolism”. Chen et al. (2003) revealed
that endogenous AHLs secreted by Sinorhizobium meliloti influenced the
expression levels of proteins involved in the above processes, conse-
quently affecting biofilm formation, which is consistent with our
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Fig. 4. Endogenous AHLs secreted by Geobacter soli GSSO01 detected by (a) Agrobacterium tumefaciens strains KYC55 and (b) the mass spectrometry of AHLs produced
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Table 1
2D FTIR COS results on the assignment and sign of each cross-peak in synchronous and asynchronous maps of EABs with shifting potentials from —0.8 to 0.4 V.
Position (cm™ 1) Assignment Sign® The sequences of spectral change
CK 1250 1612 amide I — heme ring
~1250 heme ring + -()
1612 amide I +
Acylase 1125 1350 1478 1625 C-O stretching — binding of CH,/CH3 — amide III — amide I
1125 C-O stretching + +(+) +(+) +(+)
~1350 amide III + +() +(+)
1478 binding of CH,/CHj3 + +(+)
1625 amide I +
C6-HSL 1250 1350 heme ring — amide III
~1250 heme ring + +(+)
~1350 amide III +

@ Signs were obtained in the upper-left corner of the maps: +, positive; -, negative.

results. Table S3 shows that, key enzymes participating in EPS pro- influence the metabolic activity of G. soli. With exogenous AHL addi-
duction including phosphoenolpyruvate synthase, triosephosphate iso- tion, NADH dehydrogenase, which is associated with electron transfer
merase, glucose-6-phosphate isomerase as well as the phosphogluco- (Yu et al., 2018) was up-regulated 3-fold compared to the controls

mutase (Pirog et al., 2007; Velanker et al., 1997; Chignell et al., 2018; (Table S4), which could be a reason for the higher current density with
Degeest and Vuyst, 2000) were up-regulated 1.8-fold, 4.5-fold, 3.6-fold exogenous AHLs addition. The above data shows that both endogenous

and 2-fold respectively in the presence of endogenous AHLs compared and exogenous AHLs had obviously positive effects on the electro-
to those with acylase. Thus, the data demonstrates that endogenous activity of G. soli biofilms and the exogenous AHLs further effects on
AHLs may facilitate the expressing of key enzymes to improve EPS proteins expression of individual G. soli which induced the superior
production. Moreover, many proteins related to metabolic processes, current generation of per mg biomass (Fig. S2c).

such as citrate synthase that plays a key role in the tricarboxylic acid
(TCA) cycle (Table S3) (Bond et al., 2005) were down-regulated
without endogenous AHLs, indicating that endogenous AHLs also
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Fig. 6. Number of significantly differently expressed proteins (p < 0.05) with the addition of (a) acylase and (b) C6-HSL. The proteins were classified according to
their COG categories.
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4. Conclusions

In summary, Geobacter soli GSSO1 biofilm with endogenous and
exogenous AHLs shortened the star-up time by 12 days and increased
the maximum current densities by 76% compared to biofilm without
any AHL. G. soli secreted endogenous AHLs, which improved the re-
lative abundance of external membrane proteins. Moreover, en-
dogenous AHLs affect EPS formation by promoting the expression of the
key enzymes participating in gluconeogenesis pathway. Additionally,
endogenous AHLs play a critical role in physiological performance,
including energy conversion, material transport and metabolism, of
individual G. soli cells. Exogenous AHLs further facilitate the formation
of amide II as well as a stronger H-bond between the carbonyl group
and amide in the G. soli biofilm. Overall, the present work reveals the
importance of chemical signals in Geobacter sp. and provides initial
scientific evidence to reveal the stimulative mechanism of endogenous
and exogenous AHLs.
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