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Abstract
The electrochemically active bacteria (EAB) Stenotrophomonas sp. YS1 and Serratia

marcescens Q1 with bidirectional extracellular electron transfer (EET) were
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investigated for the removal of heavy metals (e.g., Cr(VI)) limited by carbon/electron
sources or electron acceptors in single-chamber bioelectrochemical systems (BESs). A
range of analytical methods including cyclic voltammetry, differential pulse
voltammetry, quantitative extracellular polymeric substances (EPS) analysis and EPS
material diversity by fluorescence excitation-emission matrix spectroscopy were used
to characterize the process. The biofilms of these Cr(VI)-tolerant EAB exhibited
bidirectional EET metabolizing either organic (acetate) or inorganic (HCOz3") species
with simultaneous removal of Cr(VI). Q1 inward EET uptake of electrons was more
efficient than that of YS1 (165 pA vs. 118 pA) while, YS1 outward EET was more
efficient than Q1 (8.0 pA vs. 4.7 —5.2 pA). The adaptive electrochemically-tunable EPS
in both biofilms strains was regulated by the direction of the EET (inward or outward)
in the presence of Cr(VI) and circuital current. This study demonstrates the switching
properties of EAB such as Stenotrophomonas sp. or S. marcescens capable of
bidirectional EET to or from the electrodes and the regulation of such response with the
amount and compositional diversity of the biofilms EPS, giving a comprehensive
appreciation of such tunable EPS for Cr(VI)-wastewater treatment in single-chamber
BESs.

Keywords: bidirectional extracellular electron transfer; extracellular polymeric
substances; Cr(VI) removal; electrochemically active bacteria

1 Introduction

Electrochemically active bacteria (EAB) acting as bio-oxidation or bio-reduction

catalysts, donating or accepting electrons from redox-active species or electrodes have
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recently gained increasing attention, particularly for the development of
bioelectrochemical systems (BESs) applied for environmental remediation and
production of renewable energy (Molenaar et al., 2016; Nguyen et al., 2016; Jiang and
Zeng 2019). Such EAB capable of bidirectional extracellular electron transfer (EET)
either outward EET (electrons flowing from the interior of EAB towards anodes) or
inward EET (electrons flowing from cathodes across the cell membrane into the interior
of cells), largely controls the efficiency of interaction and electrical communication
between biofilm and electrode and thus BESs system performance (Molenaar et al.,
2016; Jiang and Zeng 2019). Recently, it has demonstrated that pure EAB immobilized
over cathodes of dual-chamber BESs are capable of inward EET utilizing HCO3™ or
methane with simultaneous removal of heavy metals (e.g., Cr(VI) or Au(Il)) (Xue et al.,
2017; Dominguez-Benetton et al., 2018; Qian et al., 2019; Huang et al., 2021a; 2021b;
Wang et al., 2021). However, the behavior of such metallurgical EAB capable of
bidirectional EET has yet to be investigated in single-chamber BESs treating heavy
metal-based wastewaters (e.g, from the etching and cleaning processes in the electronic
industry) limited by carbon/electron sources or electron acceptors (Jiang and Zeng 2019;
Huang et al., 2021b; Huang and Li Puma 2022a). In such processes, one important
aspect that needs to be elucidated is the adaptive response of the EAB, through the
production of extracellular polymeric substances (EPS), in relation to the direction of
the EET (inward or outward) in the presence of Cr(VI) and circuital current. EPS
facilitate the adhesion of EAB cells on the electrode surface and reduce the EAB-

electrode gap for EET, thus saving the energy needed to reach the reactive species
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(acceptors/donors) (Xiao et al., 2017). Moreover, EPS act as transient media harboring
c-type cytochromes or riboflavin-like mediators in single outward or inward EET
processes in the absence of heavy metals (Xiao et al., 2017; Yu, 2020; Huang and Li
Puma, 2022). The stronger redox-active exoproteins components of EPS enhance the
EPS conductivity and thus the EET, while the EPS exopolysaccharides support cell
adhesion and the maintenance of cell envelope integrity and aggregation. Recent studies
have shown that heavy metals such as Au(IIl) or Cr(VI) stimulated Methylomonas sp.
and Serratia marcescens to produce EPS with high redox activity but with a higher
faradaic resistance, which as a compromise hindered the inward EET for the metals
reduction, (Sun et al., 2021; Wang et al., 2021). This behavior suggests that the
electrochemically-tunable EPS species may be used to regulate the bidirectionality of
EAB, however, the role of EPS in these switchable EAB with bidirectional EET and in
the presence of heavy metals remains unexplored. Understanding the behavior of EPS
in bidirectional EET is of vital importance for deepening our knowledge on both the
opportunistic EAB with bidirectional EET, and on the strategic interaction between the
EAB biofilm and the electrode surface to achieve efficient heavy metals removal in
BESs (Huang and Li Puma, 2022). Understanding these aspects could allow the
possibility of using tunable EPS to control the activities of EAB and the switchable
EET towards the removal/reduction of desired heavy metals from wastewaters
containing complex inorganic or/and organic carbons as well as heavy metals, as
suggested in many studies (Dominguez-Benetton et al., 2018; Yu, 2020; Huang et al.,

2021b; Huang and Li Puma, 2022).
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Within this overarching context, the present investigation was aimed at
understanding the role of the EPS secreted by Serratia marcescens Q1 and
Stenotrophomonas sp. YS1 with bidirectional EET via +0.5 V vs. standard hydrogen
electrode, SHE (outward) or —0.5 V vs. SHE (inward) in the presence or in the absence
of Cr(VI). These two EAB were selected since they are capable of simultaneous Cr(VI)
removal and HCO3™ metabolism when immobilized on the cathodes of dual-chamber
BESs through inward EET (Xue et al., 2017; Qian et al., 2019; Sun et al., 2021; Huang
et al., 2018; 2021a; 2021b). These two pure culture strains exhibit indigenous Cr(VI)
endurance and opportunistic survival under low carbon sources or under nutrients
barren conditions (Huang et al., 2021b). A direct comparison of the behavior of these
two strains is beneficial to target the removal of heavy metals in either electron-donor
or electron-acceptor deficient wastewaters. The dynamic change of circuital current and
organic or inorganic carbon metabolism were correlated to electrochemical analysis
(cyclic voltammetry (CV), differential pulse voltammetry (DPV)), and to the
quantitative response of the EAB through the release of EPS (exoproteins and
exopolysaccharides) with a compositional diversity, during both the outward or inward
EET. The coulombic efficiency for inward and outward EET was also correlated to the
EAB metabolic assimilation of Cr(VI) and HCO3™ (inward) or acetate (outward). The
findings of this study elucidate the role played by the EPS in response to Cr(VI)
contamination, which plays an important role in the application of single-chamber
BESs with different EET directions for the targeted removal of heavy metals in either

electron-donor or electron-acceptor deficient wastewaters.
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2 Materials and methods
2.1. Chemical reagents

All reagents were commercial products of analytical grade and obtained from
Tianjin Bodi Chemistry Co., Ltd. Stock solutions of analytical reagents of acetate (50
mM), NaHCO; (100 mM) and K>Cr2O7 (4 mM) were prepared with deionized water,

respectively.

2.2. Microbial strains and culture medium

Gram-negative S.  marcescens Q1  (GenBank MT982676.1) and
Stenotrophomonas sp. YS1 (GenBank MZ703198) were isolated from the biocathodes
of BESs operated over 2 — 3 years, originally inoculated with domestic wastewater and
fed with a mix of carbon source HCO3™ and heavy metals (e.g., Cr(VI)) to acclimatize
the EAB to this feed (Huang et al., 2015a; Xue et al., 2017; Qian et al., 2019). Before
inoculation, both Q1 and YS1 were cultured in Luria-Bertani medium overnight and at
30 °C, and then washed in sterilized phosphate buffer solution for at least three times
by centrifugation at 8000 x g for 5 min. These cell pellets were then added to a medium
(previously autoclaved at 121 °C for 20 min) composed of NH4Cl (5.8 mM), KCI (1.7
mM), NaH,PO4-H>O (17.8 mM), Na,HPO4 (32.3 mM), a mineral solution (12.5 mL/L),
a vitamin solution (12.5 mL/L) (Wang et al., 2012; Cheng et al., 2020), equivalent
carbon molar numbers of acetate (outward, 5 mM) or NaHCO; (inward, 10 mM) as

carbon sources (Molenaar et al., 2016; Jiang and Zeng 2019), and Cr(VI) (0.4 mM) to
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produce a cell suspension (ODsoo: 0.60). This solution was then employed as the
electrolyte in the BESs. The concentration of Cr(VI) at 0.4 mM was selected on the
basis of appropriate reduction by these EAB in the cathodes of dual-chamber BESs
(Xue etal., 2017; Huang et al., 2021a; Sun et al., 2021). The initial pH and conductivity
of the electrolyte solution of the BESs were fixed at 5.8 and 5.8 mS/cm, respectively

(Huang et al., 2021a; Sun et al., 2021).

2.3. Electrode preparation and operation

All experiments were carried out using a three-electrode single-chamber BES
constructed from Plexiglas (working volume: 40 mL; 2.9 cm inner diameter; 6.0 cm
high). The porous graphite felt working electrode (1.0 cm % 1.0 cm X 0.5 cm; Sanye,
Beijing, China) as anode (outward) or cathode (inward), was installed with a platinum
wire counter electrode and an Ag/AgCl reference electrode, with both located 1.0 cm
away from the working electrode (Zhao et al., 2009; Logan 2012). The selection of a
working volume of 40 mL was mainly based on its frequent use in the range of 10 —
100 mL in literature (Xue et al., 2017; Huang et al., 2021a; 2022b; Yu et al., 2022). A
glass tube (inner diameter: 0.8 cm; height: 24 cm; a total headspace: 12 mL) was
installed at the top of the BES under the inward mode conditions to collect the gases
evolved (e.g., H>) as previously described (Wang et al., 2015). Electrolytes containing
Q1 or YSI (ODeoo: 0.60) were sparged with a sterile-filtered CO> : N> (20 : 80) gas
stream prior to transfer into the three-electrode system. The BES was operated with

potentiostatic discharge or charge, at controlled electrode potentials of +0.5 V (outward)
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or —0.5 V (inward) respectively using a potentiostat (VSP, BioLogic), with potentials
corrected to SHE, and the resulting currents measured. Based on the inherent redox
characters of acetate (outward), HCO3™ (inward) and Cr(VI) in the electrolyte, the
potentials purposely set at +0.5 V vs. SHE (outward) or —0.5 V vs. SHE (inward), could
sufficiently guarantee the redox reactions, as shown by Zhao et al. (2009), Gary Grim
et al. (2020) and Huang et al. (2021). Before data collection, this system was gently
shaken in a table concentrator (ZHWY-304, Shanghai, China) at a rate of 30 rpm/min
to guarantee the bacterial deposition on the electrodes since the effluent contained
negligible bacteria at ODgoo (Song et al., 2020; Huang et al., 2021a). All inoculation
and solution replacements were performed in an anaerobic glove box (YQX-II,
Xinmiao, Shanghai) equipped with a clean bench via an ultraviolet disinfection lamp.
Throughout the experiments, the purity of the electrolyte solution was periodically
examined using colony morphology via pure culture cultivation and cell morphology
via microscopy observation (Geelhoed and Stams, 2011). The reactors were protected
with aluminum foil to exclude light to avoid the growth of algae, and all reactors were
anaerobically operated in fed-batch mode and at a temperature of 23 + 3 °C.

Three control experiments were conducted: the first one was operated in the
absence of Cr(VI), which clarified the impact of Cr(VI) on the circuital current, the
amount and compositional diversity of EPS released by YS1 or Q1, and the utilization
of acetate (outward) or HCOj3™ (inward); The second (abiotic controls) was operated in
the absence of YS1 or Q1 inoculum, and reflected the effect of the EAB on the circuital

current, the removal of Cr(VI), and the utilization of acetate (outward) or HCOs
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(inward); The third was under open circuital conditions (OCCs) and thus in the absence
of current, which elucidated the impact of circuital current on the removal of Cr(VI),
the amount and compositional diversity of EPS, and the utilization of acetate (outward)

or HCOs™ (inward) by the EAB.

2.4. Measurement and analyses

The concentration of acetate (outward) in electrolyte and the residual hydrogen
(inward) in the headspace was measured by gas chromatography (GC7900, Tianmei,
China) as previously described (Kong et al., 2021; 2022). Briefly, a SE-54 cross-linking
chromatographic column and thermal conductivity detector were used for hydrogen
determination using N> as the carrier gas. The temperatures of the column and the
injector were both 120 °C. A PEG-20M column and flame ionization detector were
employed for the quantification of acetate, using nitrogen as the carrier gas. The
temperatures of the column and the injector were both 200 °C. The concentration of
HCOs (inward) was determined using the national standard method (DZ/T 0064.49-
93). The biomass deposited on the electrode and plankton cells in the electrolyte were
quantified as previously described (Qian et al., 2019; Song et al., 2020). The residual
oxygen in the electrolyte was monitored using a dissolved oxygen analyzer (JPBJ-609L,
Leici, Shanghai, China) (Huang et al., 2015b). Cr(VI) analysis was based on the
standard methods (APHA 1998).

The redox behaviors of outward or inward EET were analyzed using CV (VSP,

BioLogic) with a standard three-electrode arrangement (working electrode, Pt counter
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electrode, and an Ag/AgCl reference electrode) in the range of —0.8 ~ 0.6 V (vs. SHE)
and at a scan rate range of 1 — 10 mV/s. These scan rates within the suggested range of
1 — 100 mV/s, ensured sufficient time for the response of the whole cell biocatalysts
(Zhao et al., 2009; Huang et al., 2015a; 2015b). DPV, which is more sensitive than CV
and is normally used to assess the electrochemical activities of the components on the
electrodes (Zhao et al., 2009; Xiao et al., 2017; Kong et al., 2022), was further used to
assess the likely redox-active components at a scan rate of 1 mV/s, an amplitude of 50
mV, and a pulse period of 1 s (Yang et al., 2017; Yi et al., 2021). The projected surface
area (2.0 cm x 2.0 cm, 4.0 cm?) of the Pt counter electrode, apparently larger than the
area of the graphite felt working electrode (1.0 cm?), exhibited less polarization loss
and thus adapted well for the analysis of the working electrode (Wang et al., 2015).
The quantitative amount and compositional diversity of EPS released by either Q1
or YS1 on the electrodes or in the electrolyte, either with inward or with outward EET
were evaluated at operational times of either 48 h or 120 h, and in the controls in the
absence of either circuital current or Cr(VI). EPS was extracted following previous
methods (Qian et al., 2019; Song et al., 2020; Huang et al., 2021a; Sun et al., 2021).
The exoproteins and the exopolysaccharides in the EPS were measured by the Bradford
assay and with the phenol-sulfuric acid method, respectively. Three-dimensional
fluorescence excitation-emission matrix (FEEM) spectroscopy (F-7000, Hitachi, Japan)
fitted with 1.0 cm quartz cell and a thermostat bath was used to characterize the EPS
composition (Chen et al., 2003; Qian et al., 2019). The FEEM procedure and the
definition of the EPS components (I, II, III, IV and V) are provided in Supplementary

10
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Material (SM).

2.5. Calculations

During outward EET, the acetate fuel (@yytwara totar) Was distributed among the
circuital current ( fot 1dt), Cr(VI) removal/reduction (acr), biofilms or plankton cells
growth (agrowtn), exoproteins release (dexoproteins) and exopolysaccharides release
(Gtexopolysaccharides) DY the biofilms or plankton cells (Egs. 1 — 5) (Wang et al., 2012).

Under inward EET conditions and using HCO3™ as carbon source, the total
electrons ( fot Idt) were mainly distributed for reduction of HCOs3™ to acetate (atacetate),
Cr(VI) removal/reduction (acr), H2 evolution (am2), residual oxygen reduction (ao2),
biofilms or plankton cells growth (agown), exoproteins release (@exoproteins) and
exopolysaccharides release (Oexopolysaccharides) by the biofilms or plankton cells (Eqgs. 2 —

8) (Wang et al., 2012; Huang et al., 2015a; 2015b).

a1 X (Cocop — Crcop) XV XF

Xoutward,total = M (1)
02
o _ a1 X a5 X Whiomass X F (2)
growth —
Mo,
_ a; Xa; X Wexoproteins X F
aexoproteins - M (3)
02
_ a; X g X Wexpolysacchrides X F
Texp olysacchrides — M (4')
02
Aerevry = Ag X ACcryny XV X F (5)
aacetate = a2 X Ct,acetate XV XF (6)
ay, = a3 X h X F (7)
aOZ =ay X Ct,oxygen x F (8)

Where [ is the circuit current (A); F is the Faraday’s constant (96485 C/mol

11
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electron); Moz is the relative molecule weight of Oz (32 g/mol); V is the electrolyte
volume (L); ¢ is the operation time (s); o (4 mol/mol), a2 (8 mol/mol), as (2 mol/mol),
and o4 (3 mol/mol) are the number of electrons required for O, reduction (outward or
inward), CH3COO" production (inward), hydrogen evolution and Cr(VI) reduction,
respectively; ACcrvry is the difference between the initial and the final Cr(VI)
concentrations in the electrolyte (mol/L); as, as and o7 are the transfer parameters of
1.42 mg COD/mg dry weight (DW), 1.07 g COD/g glucose and 1.47 g COD/g
bovine serum albumin, respectively (Erable et al., 2018); 4 is the net moles of hydrogen
in the headspace; Whiomass (€), Wexopolysaccharides (&) and Wexoproteins (g) are the amounts of
biomass, exopolysaccharides and exoproteins, respectively.

The values reported were averaged based on the statistics analysis of three
replicate experiments for each of the duplicate reactors. One-way ANOVA in SPSS 19.0
was used to analyze the statistical differences among the data at significance levels of

p <0.05.

3 Results and discussion
3.1 Performance during outward or inward EET

The results (Fig. 1A) shows strain YS1 as more efficient than Q1 as outward
electron donor in the presence of Cr(VI). After a 29 h lag start-up time, a steep increase
in current was observed that reached a maximum of 8.0 pA (20 mA/m?) at 48 h.
Conversely, the current with Q1 reached a plateau at 4.7 — 5.2 uA (11 — 13 mA/m?) at
24 — 58 h with a short lag start-up time (12 h) (Fig. 1A). The faster rate of acetate

12
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utilization observed under CCCs than OCCs (Fig. 1C) reflected the positive impact of
circuital current on both strains with outward EET, whereas the similar Cr(VI) removals
under CCCs and OCCs (Fig. 1D) suggested the dominant role of Cr(VI) bio-adsorption
over the reduction kinetics. The controls in the absence of Cr(VI), shortened the lag
start-up time (YS1: 24 h; Q1: 5 h), increased the circuital current (YS1: 8.5 — 8.7 pA;
Ql: 5.8 — 6.5 pA) (Fig. 1B) and the rate of acetate utilization (Fig. 1E), reflecting the
unfavorable role of Cr(VI) in the EAB biofilms outward EET. These differences in start-
up times and peak currents suggest that multiple outward electron transport pathways
are associated with the YS1 and Q1, and that a regulatory mechanism of these strains
was taking place. Other EAB such as Geobacter sulfurreducens and Geoalkalibacter
ferrihydriticus in the absence of Cr(VI) also reportedly exhibited similar results (Yoho
et al., 2014; 2015). The much lower currents (0.20 — 0.24 pA) in the abiotic controls
(Fig. 1A and B), reflected the tremendous importance of these biotic catalysts in the
outward EET. Q1 was more responsive that YS1 on outward EET in the absence of
Cr(VI) (Fig. 1A and B), since the percentage increase in circuital currents was higher
(26.0% vs. 8.8%) and the lag start-up times were lower (Q1: 5hvs. 12 h; YS1: 24 h vs.
29 h). The circuital currents were higher than or comparable to those observed in the
absence of Cr(VI) (Shewanella woodyi: 0.2 WA; Ardenticatena maritima and
Comamonas testosterone: 8 — 11 pA) (Tian et al., 2017; Kawaichi et al., 2018; Yu et al.,
2015), but somewhat lower than those observed with Shewanella oneidensis (18 — 22
nA) in the presence of Cr(VI) (Xafenias et al., 2011; Cheng et al., 2019).

Under inward EET conditions, significant higher currents than under outward EET

13
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were observed with Q1 (165 pA), which was also higher than YS1 (118 pA) (Fig. 1F).

These results demonstrated the switchable nature of these two strains, but this time the

absorption of electrons was more efficient with Q1 rather than with YS1. These currents

were higher than the model Shewanella oneidensis of 100 pA during inward EET in the

presence of Cr(VI) (Cheng et al., 2019). This along with its lower currents than

Shewanella oneidensis during outward EET demonstrated the larger differentiation of
both strains between outward and inward EET than the Shewanella oneidensis. These

different circuital currents, complemented by HCOs" utilization (Fig. 1H) and Cr(VI)

removal (Fig. 11), suggested a more efficient behavior of Q1 than YSI for directing a

higher amount of electrons for both HCO3™ and Cr(V1), as also revealed from the charge

distribution analysis. The invariably increased circuital current in the presence of Cr(VI)
(Fig. 1F vs. Fig. 1G and J) is supported by the higher amount of electron acceptors in

the electrolyte, as summarily reviewed by He et al. (2015).

The results of both forward and inward EET indicate that both strains YS1 and Q1
exhibit bidirectional and switchable electron transfer, although electron uptake was
more significant than electron donation. In the presence of Cr(VI), the biofilm YS1
outward EET was higher than Q1, while conversely Q1 inward EET was higher than
YS1. Similar bidirectional EET behavior has been observed in other bacterial strains
including Shewanella oneidensis, Shewanella woodyi, Desulfovibrio caledoniensis and
Alcaligenes faecalis in the absence of Cr(VI) (Tian et al., 2017; Yu et al., 2018; Zang et

al., 2022; Jia et al., 2023).
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3.2 CVs at different scan rates

The dynamic electrochemical characterization of both outward (Fig. 2A — D) and
inward (Fig. 2E — H) EET of JY1 (Fig. 2A, B, E and F) and Q1 (Fig. 2C, D, G and H)
biofilms in the presence (Fig. 2A, C, E and G) or in the absence (Fig. 2B, D, F and H)
of Cr(VI) at sweep speeds of 1 — 10 mV/s, invariably suggested a good proportional
relationship between the peak current and the sweep speed (R?: presence of Cr(VI): JY1:
0.9923, Q1: 0.9973; absence of Cr(VI): JY1: 0.9987, Q1: 0.9998) (Fig. 3A and B),
instead of the peak current and square root of scan rate (R?: presence of Cr(VI): JY1:
0.9626, QI1: 0.9851; absence of Cr(VI): JY1: 0.9849, Ql: 0.9776) (Fig. S1). In
consequence, the redox reactions during the outward and inward EET resulted from an
electron-exchange process mediated by the adsorbed species and controlled by typical
surface adsorbed processes, regardless of the presence of Cr(VI), while diffusion and
migration were not major contributors to the redox reactions at the interface. Such result
is consistent with the behavior of other EAB individual outward or inward EET with or
without Cr(VI) (Huang et al., 2015a; 2015b; Tian et al., 2017; Yu et al., 2018; Wu et al.,
2022). The decreased CV gradient in the scans of the biotic electrode with outward EET
compared to the absence of Cr(VI) (acetate oxidation, YS1: 0.0269 vs. 0.0290, Fig. 3A;
Q1:0.0220 vs. 0.0239, Fig. 3B), along with those inward EET (HCO3™ reduction, YS1:
0.0247 vs. 0.0262, Fig. 3C; Q1: 0.0189 vs. 0.0216, Fig. 3D), invariably confirmed the
altered kinetic behaviors of both YS1 and Q1 outward and inward biofilms due to the
presence of Cr(VI), consistent with the results shown in Fig. 1. The invariable steeper
gradients of the JY'1 than the Q1 outward (0.0269 vs. 0.0220) (Fig. 3A and B) or inward

15
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(0.0247 vs. 0.0189) (Fig. 3C and D) biofilms EET suggested the more adaptive and
robust behavior of JY 1 over Q1 biofilms bidirectional EET under the presence of Cr(VI)

heavy metal.

3.3 Comparison of biotic and abiotic CV and DPV

It is generally agreed that the more negative reductive onset potentials (inward) or
the more positive oxidative onset potentials (outward) imply the increase in the
thermodynamic overall free energy of the corresponding electron transfer reactions,
whereas lower reductive peak currents (inward) or lower oxidative peak currents
(outward) suggest varying degrees of dynamic mass transfer inhibition of the
corresponding electron transfer reactions (Zhao et al., 2009; He et al., 2015;
Dominguez-Benetton et al., 2018; Huang et al., 2021b). In agreement with the results
in Fig. 1C and E, invariably, the presence of Cr(VI) shifted the acetate oxidation onset
potentials of YS1 or Q1 to more positive values from 0.245 V to 0.255 V (Fig. 4A;
Table S1), while as expected the abiotic controls did not show any acetate oxidation
peak. This observation along with the diminished oxidation peak currents (YS1: 0.028
mA vs. 0.032 mA; Q1: 0.023 mA vs. 0.026 mA) (Fig. 4A and B; Table S1), in concert
confirmed an increase of the thermodynamic overall free energy and dynamically an
increment mass transfer inhibition of the catalytic YS1 and Q1 outward EET in response
to the presence of Cr(VI), consistent with the results in Fig. 1A and B, Fig. 2A—D, and
Fig. 3A and B. An indication that intrinsic different EPS components, such as free
riboflavin or riboflavin bounded with extracellular cytochrome ¢, were involved into
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indirect outward EET, is given by the invariability of the oxidation peak potentials in
the DPV plots regardless of the presence of Cr(VI) (YS1: 0.039 V; Q1: —0.067 V) (Fig.
4E and F; Table S1), and corresponding decreased oxidation peak currents (YS1: 0.602
mA vs. 0.624 mA, Q1: 0.523 mA vs. 0.547 mA; Fig. 4E and F; Table Sl), as
subsequently discussed, similar to the observation with other EAB with outward EET
(Xiao et al., 2017; Min et al., 2017; Yi et al., 2021).

With regard to inward EET, Q1 rather than YS1 more efficiently catalyzed the
reduction of HCO3" in the presence of Cr(VI), evidenced by a less negative inorganic
carbon reduction onset potential (—0.445 V vs. —0.465 V) (Fig. 4C; Table S1), consistent
with the results in Fig. 1H, implying a more significant reduction of the overall free
energy of the electron transfer reactions in Q1 compared to YSI, due to bacterial
interactions with the electrode surface (Huang and Li Puma, 2022). In the controls in
the absence of Cr(VI), however, the less negative inorganic carbon reduction onset
potentials with higher reduction peak currents (YS1: —0.456 V vs. —0.465 V, 0.046 mA
vs. 0.044 mA; Q1: —0.436 V vs. —0.445 V, 0.079 mA vs. 0.062 mA) (Fig. 4C and D;
Table S1) reflected the invariable negative impact of Cr(VI) on both strains inward EET
for inorganic carbon reduction, consistent with the results in Fig. 1H and J. The more
significant decrease of the inorganic carbon reduction peak currents observed with Q1
than YS1 (21.5% vs. 4.3%) due to the presence of Cr(VI) (Fig. 4C and D; Table S1),
suggested a more substantial increase of the dynamic mass transfer resistance for Q1
than YS1 biofilms during inward EET. The crucial role of the biotic cathode is
exemplified by absence of inorganic carbon reduction peak in the abiotic controls with
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(Fig. 4C; Table S1) or without (Fig. 4D; Table S1) Cr(VI). The same Cr(VI) reduction
onset potential at 0.204 V with higher reduction peak currents of Q1 than YS1 (0.036
mA vs. 0.025 mA) (Fig. 4C; Table S1), suggested a similar intrinsic thermodynamic
behavior and a lower dynamic mass transfer resistance for Q1 than YS1 biofilms during
inward EET for Cr(VI) reduction, consistent with the results in Fig. 11. DPV results
showed the appearance of two similar reduction peak potentials (YS1: 0.024 V and
—0.187 V; Q1: 0.019 V and —0.186 V) regardless of the presence of Cr(VI) (Fig. 4G and
H; Table S1), suggesting that the components of outer membrane c-type cytochromes
and protein-bound flavins could remained unaltered, respectively for the YS1 and Q1
biofilms during inward EET, with or without Cr(VI). Outer membrane c-type
cytochromes and/or protein-bound flavins have been proven to drive inward EET in
many other EAB (e.g., Shewanella oneidensis, Bacillus sp., Pichia stipites, Shewanella
loihica and Listeria monocytogenes) using multiple techniques including
electrochemistry, spectroscopy, atomic force microscopy, and/or molecule
microbiology (Xiao et al., 2017; Cheng et al., 2020; Yiet al., 2021; Huang and Li Puma,
2022). The invariably larger reduction peaks (Fig. 4G and H) over the oxidation peaks
(Fig. 4E and F) with both YS1 or Q1 implies the involvement of more diverse inward
EET pathways, similarly to the behavior of other EAB such as Shewanella loihica (Yi
et al., 2021).

Collectively, these results demonstrated that inward EET was more significant in

Q1, while outward EET was more significant in YSI.
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3.4 EPS secretion

The presence of a circuital current invariably stimulated both YS1 and Q1 biofilms
strains to produce exoproteins despite this was more significant with inward EET (Fig.
5A and B). Thus, the higher currents observed under inward EET (Fig. 4) is consistent
with the higher amount of redox-active substances harbored within the exoproteins
material (Xiao et al., 2017; Yu 2020; Huang and Li Puma, 2022). However, in the
presence of Cr(VI) the release of exoproteins at 48 h (Fig. SA and B) decreased,
reflecting a contrasting effect of Cr(VI) also shown on the current.

With regard to the production of exopolysaccharides which facilitate cell
aggregation and adhesion as well as the maintenance of cell envelop integrity, both
circuital current and Cr(VI) improved the amount produced by both YS1 and QI1
biofilms during outward EET (Fig. 5C). However, during inward EET, only Cr(VI)
induced the release of exopolysaccharides, while the circuital current had negligible
effect (Fig. 5D). Thus, the two biofilm strains exerted variable regulative manipulation
strategies releasing different amounts of exoproteins and exopolysaccharides when
responding to an external circuital current and/or Cr(VI) during their switchable EET,
as reported by Huang and Li Puma (2022). Moreover, such a regulatory mechanism is
more significantly exerted on the biofilms rather than in the plankton cells, given that
the amount of exoproteins and exopolysaccharides in the latter was significantly smaller
(Fig. S2). It should be observed that, the ratios of exoproteins and exopolysaccharides
was severely suppressed by the presence of Cr(VI), while it was increased by circuital
current during inward EET (Fig. 5F). In contrast, the ratios of exoproteins and
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exopolysaccharides was approximately unaltered under outward EET (Fig. 5E), as

hypothesized by Huang and Li Puma (2022).

3.5 YSI and QI biofilms EPS composition

FEEM spectroscopy displayed the EPS components secreted by YS1 and Ql1
biofilms during outward or inward EET in the presence of Cr(VI) at operational times
of 48 h (Figs. 6 and 7) or 120 h (Fig. S3; Fig. 7). These results varied significantly
among the YS1 and Q1, and depended on the direction of EET, the circuital current, the
presence of Cr(VI), and the operational time.

The presence of Cr(VI) and circuital current significantly stimulated YS1 biofilms
outward EET to release the highest amount of fulvic acid-like materials (Region III)
rather than the other four components (Regions I and II: simple aromatic proteins such
as tyrosine; Region IV: soluble microbial byproduct-like material; Region V: humic
acid-like materials) at 48 h (p: 0.0001 — 0.0011) or 120 h (p: 0.0036 — 0.021) (Fig. 6A
and 7A; Fig. S3A). Fulvic acid-like and humic acid-like substances are both humic
substances, which have been proven to facilitate EET in many BESs as electron
mediators (Huang Huang and Angelidaki 2008). As consequence, components III with
involved outward EET cannot be excluded. However, in the absence of Cr(VI) the
highest components were IV (p: 0.002 — 0.011) (Fig. 6C, 6D and 7E; Fig. S3B), which
might be somewhat related with the free riboflavin or riboflavin bounded with outer
membrane c-type cytochromes (Fig. 4E; Table S1), similar to the observation in other
BESs (Zhao et al., 2022). Similarly, low II and III materials (p: 0.47) observed under
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OCCs (Fig. 6B, 6D and 7E) might imply their consistence in the absence of circuital
current. With regard to Q1, similar higher quantities of Regions II and III components
were measured in the presence of Cr(VI) and circuital current at 48 h (p: 0.20) or 120 h
(p: 0.20) (Fig. 6E and 7B; Fig. S3C), while in the absence of Cr(VI) appreciable higher
V, I and II components were observed (p: 0.003 — 0.023) (Fig. 6G, 6H and 7F; Fig.
S3D), and under OCCs the highest components were II (p: 0.008 — 0.049) (Fig. 6F, 6H
and 7F). Thus, it can be concluded that the compositional amount and diversity of
the EPS composites is strongly dependent on the EAB strain, in the presence or in the
absence of circuital current and Cr(VI) during the process of outward EET.

Under inward EET, YS1 biofilms released the highest components III than the
other materials and those under OCCs (p: 0.0001 — 0.011) (Fig. 6I and 7C; Fig. S3E),
whilst the highest component was II in the absence of Cr(VI) (p: 0.0012 — 0.032) (Fig.
6], 6K, 6L and 7G; Fig. S3F). For Q1, however, the higher III (p: 0.0002 — 0.0033) and
V (p: 0.0001 — 0.0021) components in the presence of Cr(VI) and circuital current (Fig.
6M and 7D; Fig. S3G), might explain the higher amounts of exoproteins (Fig. 5B) and
exopolysaccharides (Fig. 5D) observed. This along with the significant higher V
component in the absence of Cr(VI) (p: 0.014 — 0.045) (Fig. 60 and 7H; Fig. S3H)
compared to OCCs with (Fig. 6N and 7D) or without (Fig. 6P and 7H) Cr(VI) may
suggest that V does not contribute to the secretion of high amount of
exopolysaccharides (Fig. 5D).

It is noteworthy that the general higher amount of components III over the other
materials regardless of the EET direction for both bacterial strains (Fig. 7A — D), might
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imply the harboring of shiftable substances not limited to the free riboflavin or
riboflavin bounded with outer membrane c-type cytochromes. Collectively, these
results shows that bidirectional EET in these bacterial strains is upregulated by the
secretion of varying amount of EPS (exoproteins and exopolysaccharides) with
compositional diversity, which depends on the electron transfer direction (inward or
outwards) and on the presence of circuital current and a heavy metal such as Cr(VI) in
this study, opening up interesting opportunities for manipulating, exploiting and tuning

the EAB response in BESs.

3.6 Charge distribution

The presence of Cr(VI) induced both biofilms strains outward EET to extract less
electrons from acetate oxidation at either 48 h (YS1: 0.30 + 0.00 C vs. 0.49 £ 0.01 C;
Q1: 0.54 £ 0.01 Cvs. 0.71 £0.01 C) or 120 h (YS1: 1.29 £ 0.02 C vs. 1.53 + 0.01 C;
Q1: 1.19 £ 0.02 Cvs. 1.46 £ 0.01 C) (Fig. 8A and B), consistent with the result in Fig.
1A, B, F and G. Accordingly, more electrons equivalent were directed to produce
exoproteins and exopolysaccharides at 120 h than at 48 h (Fig. 8A and B), while the
concentration of Cr(VI) progressively decreased in the electrolyte (Fig. 1D) consistent
with the physiological release of EPS by both biofilms strains during outward EET (Fig.
5A and C).

Appreciably more electrons were directed via inward (Fig. 8C and D) than outward
(Fig. 8A and B) EET, as previously observed in the results shown in Fig. 1A, B, F and
G. Therefore, the Q1 biofilm absorbed a higher amount of electrons than YS1 from the
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electrode via inward EET, which were utilized for HCO3™ reduction to acetate (48 h:
230+ 0.11 Cvs. 1.04 £ 0.04 C; 120 h: 2.66 £ 0.04 C vs. 1.36 + 0.16 C) with similar
low residual amount of H> (as an indirect mediator) (48 h: 0.18 £ 0.03 — 0.23 £ 0.02 C;
120 h: 0.85 £ 0.08 — 1.38 = 0.11 C) in the presence of Cr(VI) (Fig. 8C). The higher
production of acetate than the controls in the absence of Cr(VI) (Fig. 8C and D),
illustrated the superior biocatalytic properties of Q1 over YS1 for the transformation of
HCOs to acetate, consistent with the results in Fig. 1H and supported by its efficient
Cr(VI) removal with simultaneous production of acetate from HCOj3™ in the cathodes of
dual-chamber BESs (Huang et al., 2021a). The presence of Cr(VI) directed a higher
fraction of electrons towards the bacterial release of exopolysaccharides and a smaller
fraction towards the secretion of exoproteins at 48 h (Fig. 8C and D), consistent with
the results in Fig. 5B and D. Both strains preferentially consumed a higher amount of
electrons for Cr(VI) reduction (1.61 = 0.01 — 1.68 £ 0.01 C) and biofilms growth (1.09
+0.60 — 1.26 £ 0.44 C) at a prolonged operational time of 120 h (Fig. 8C). The electron
charges for release of exoproteins in the Q1 biofilms were the same at 48 h and at 120
h, and were higher than those observed with YS1 (Fig. 8C), consistent with the results
in Fig. 5B. These results jointly demonstrated the EAB biofilms-based variable
pathways of electron uptake and distribution along with modulation of EPS release as
a function of operational time.

With regards to planktons and regardless of outward or inward EET with or
without Cr(VI), all fractions of YS1 and Q1 biomass, exopolysaccharides and
exoproteins were always lower than those of YS1 and Q1 biofilms (Fig. 8), consistent
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with the generally agreed dominant contribution of biofilms instead of planktons to
outward or inward EET in BESs (He et al., 2015; Dominguez-Benetton et al., 2018;
Jiang et al., 2019; Huang and Li Puma 2022a). With outward EET, the growth of
planktonic cells of Q1 and YS1was favored by Cr(VI) at 48 h rather than at 120 h (Fig.
8A), and contrasted sharply with the results in the absence of Cr(VI) (Fig. 8B), implying
the influential role of Cr(VI) with operational time. However, the growth of planktonic
cells of Q1 was significantly inhibited in comparison to YS1 during inward EET and in
the presence of Cr(VI) (Fig. 8C and D). These results along with compositional
diversity of EPS in the planktonic YS1 and Q1 during outward or inward EET with or
without Cr(VI) at 48 h (Fig. S4 and S6) or 120 h (Fig. S5 and S6), demonstrated the
presence of diverse pathways of electron uptake and distribution by EAB planktons.

It has yet to be demonstrated that the outward or inward EET of YS1 and Q1
biofilms and planktons is exactly correlated with cell respiration regardless of the
presence of Cr(VI), and still a variety of other mechanisms can be proposed on the
catalytic inward or outward behavior of the bidirectional YS1 or Q1 strains (Wang et
al., 2012; Xue et al., 2017; Qian et al., 2019; Huang et al., 2021a; 2021b; Gai et al.,
2024).

The results herein shown give new insights and an in-depth quantitative
appreciation of the fate of the electrons in these Cr(VI)-tolerant EAB, and provide a
comprehensive appreciation of the tuning of EPS release in response to Cr(VI) stressing
conditions and circuital current, thus advancing our knowledge on these metallurgical
EAB with bidirectional EET behavior. This is of tremendous importance as the
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development of both bioanodes and biocathodes have gained increasing attention as
novel routes for assimilating reductive organics or for the removal of a range of
oxidative heavy metals in newly developed single-chamber BESs (Dominguez-
Benetton et al., 2018; Jiang and Zeng 2019; Huang and Li Puma 2022a; Huang et al.,
2023; Gai et al., 2024).

Q1 favored inward EET while YS1 preferred outward EET in the presence of
Cr(VI), despite both strains were capable of bidirectional EET. The diverse EET
behaviors of YS1 and Q1 along with their opportunistic metabolism of organics (acetate)
or inorganic (HCO;3) carbon sources, enriches the family of EAB capable of
bidirectional EET. This study provided a plausible approach of exploiting YS1 or Q1-
fed single-chamber BESs for treatment of Cr(VI) contaminated wastewaters. The
variable quantities and composition of the EPS released by Q1 and YS1 during inward
or outward EET in response to the external presence of Cr(VI) and circuital current
provided an opportunity for regulative manipulation of these bidirectional EAB via
adaptive electrochemically-tunable EPS components.

This study and others (Jiang et al., 2019; Huang et al., 2021b; Huang and Li Puma
2022a), demostrate that bidirectional EAB may show identical or different pathways
during outward or inward EET. While Shewanella oneidensis has identical outward and
inward EET pathways with the employment of outer membrane electron conduit
MtrCAB for electron transfer, Geobacter sulfurreducens exhibited completely different
inward and outward EET mechanisms based on the involvement of diverse electron
transmitters around the inner membrane, the periplasm and the outer membrane
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(Kouzuma et al., 2010; Jiang and Zeng 2019; Wu et al., 2022). Considering the general
complex energy-coupling factor transporter with functionally diverse redox activities
in many bacterial cell envelopes and extracellular surroundings, further investigations
on bidirectional small-molecule transport across the cytoplasmic membrane and the
assembly of redox-active proteins within the cell envelope and surrounding EPS along
with expression of associated functional genes in these metallurgical EAB, are still
needed.

It is still difficult to accurately discriminate and interpretate the true compositional
and structural properties of the EPS molecules based on current chemical analysis or
EEM techniques. The diverse composition of the EPS physiologically released by YS1
and Q1 during inward or outward EET in response to the external presence of Cr(VI)
and circuital current, appeals new molecular level measurement techniques along with
the in situ spectroscopic high-resolution characterization techniques, which should
make it possible to better map these interactions. Moreover, cytochrome profiling of
YSI and QI could provide further insights on the differential expression of redox

enzymes in the presence of Cr(VI) with or without circuital current.

4 Conclusions

This study has proven that Stenotrophomonas sp. YS1 and S. marcescens Q1 EAB
are capable of bidirectional EET in the presence of a circuital current and Cr(VI).
Inward EET was more significant in Q1 while outward EET was more significant in
YS1. Accordingly, the amount and compositional diversity of the EPS released by Q1
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and YS1 biofilms and planktons during inward or outward EET varied in response to
the external presence of Cr(VI) and circuital current, suggesting the regulative
manipulation of these EAB with bidirectional EET via adaptive electrochemically-
tunable EPS components. During inward EET the two strains produced a higher amount
of EPS as a defense mechanism over Cr(VI) stress, facilitating electron transfer through
the production of exoproteins and cell adhesion and integrity through the production of
exopolysaccharides. The fully exact correlation of EPS components to the operating
conditions remains difficult to be deciphered and needs further investigations. These
results show that bidirectional EET in bacterial strains is upregulated by the secretion
of varying amount of EPS (exoproteins and exopolysaccharides) with varying
composition which depends on the EET direction (inward or outwards) and on the
presence of circuital current and heavy metal such as Cr(VI), opening up interesting
opportunities for manipulating, exploiting and tuning the EAB response in BESs. The
findings of this study elucidate the role played by the EPS in response to Cr(VI)
contamination, which plays an important role in the application of single-chamber EAB
with different EET directions for the targeted removal of heavy metals in either

electron-donor or electron-acceptor deficient wastewaters.
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Figure 1 Electricity production (A, B, F and G), organic (C and E) or inorganic (H and
J) carbons consumption, or Cr(VI) removal (D and I) by Stenotrophomonas sp. YS1 or
S. marcescens Q1 as a function of operation time during outward (potential: +0.5 V vs.
SHE) (A — E), or inward (potential: —0.5 V vs. SHE) (F — J) EET processes in the
presence (A, C, D, F, H and I) or in the absence (B, E, G and J) of Cr(VI), or in the
abiotic controls, or controls under open circuit conditions (OCCs).

32



768
769
770
771

772
773

774

04

—— 1mV/s
—3mV/s

2mV/s
4mV/s

—— 1mV/s
—3mV/s

02
<
£
§0.0 F
=
&)
02
0.4 . . . 1 . .
0.4
02
<
£
§040 -
=
&)
02
-0.4
0.1
2‘0]
£
=
£
5 03 2mV/s 2mV/s
’ —3mV/s 4mV/s —3mV/s 4mV/s
SmV/s ——6mV/s SmV/s ——6mV/s
——7TmV/s ——8mV/s ——T7mV/s —8mV/s
05 ) —9mV/s .—IOmV/s ) ——9mV/s ——10mV/s
G
0.1 +
~01 F 1 L
=0
£
§
=]
S5 L — 1mV/s 2mV/s I — ImVs
e —3mV/s 4mV/s —3mV/s 4mV/s
SmV/s ——6mV/s SmV/s —— 6mV/s
——7mV/s ——8mV/s —TmV/s ——8mV/s
0 ——9mV/s —— 10mV/s —9mV/s —— 10mV/s|
05 . ’ ; . . .
-0.9 -0.5 -0.1 0.3 0.7 0.9 -0.5 0.7
Potential (V, vs. SHE)

-0.1
Potential (V, vs. SHE)

Figure 2 CV curves of Stenotrophomonas sp. YS1 (A, B, E and F) or S. marcescens Q1
(C, D, G and H) developed during outward (+0.5 V vs. SHE) (A — D) or inward (—0.5
V vs. SHE) (E — H) EET in the presence (A, C, E and G) or in the absence (B, D, F and

H) of Cr(V]) at scan rates from 1 to 10 mV/s.
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Figure 3 Correlations between the heights of the oxidation (A and B) or reduction (C
and D) peaks and scan rates for Stenotrophomonas sp. YS1 (A and C) or S. marcescens
Q1 (B and D) biofilms developed at +0.5 V vs. SHE (A and B) or —0.5 V vs. SHE (C
and D) in the presence or in the absence of Cr(VI).
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783  Figure 4 Comparison of CVs (A — D) or DPV (E — H) of Stenotrophomonas sp. YS1
784  and S. marcescens Q1 at either +0.5 V (A, B, E and F) or —0.5 V (C, D, G and H) in the
785  presence (A, C, E and G) or in the absence (B, D, F and H) of Cr(VI) (scan rate: 1.0
786 mV/s).
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Figure 5 Exoproteins (A and B), exopolysaccharides (C and D), and ratios of
exoproteins and exopolysaccharides (E and F), released by biofilms of
Stenotrophomonas sp. YS1 or S. marcescens Q1 at either +0.5 V vs. SHE (A, C and E)
or —0.5 V vs. SHE (B, D and F) and operational times of 48 h or 120 h in the presence
or in the absence of Cr(VI) under closed circuit (CCC) or open circuit (OCC) conditions.
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Figure 6 Fluorescence excitation emission matrix (FEEM) contours of extracellular
polymer substances produced by biofilms of Stenotrophomonas sp. YS1 (A—-D;1-L)
or S. marcescens Q1 (E — H; M — P) at either +0.5 V vs. SHE (A — H) or —0.5 V vs.
SHE (I — P) in the presence (A, B, E, F, I, J, M and N) or in the absence (C, D, G, H, K,
L, O and P) of Cr(VI) under closed circuit (CCC) (A, C, E, G, I, K, M and O) or open
circuit (OCC) (B, D, F, H, J, L, N and P) conditions (operation time: 48 h).
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Figure 7 Absolute values of integral of fluorescence area of extracellular polymer
substances produced by the biofilms of Stenotrophomonas sp. YS1 (A, C, E and G) or
S. marcescens Q1 (B, D, F and H) at either +0.5 V (outward: A, B, E and F) or -0.5 V
(inward: C, D, G and H) in the presence (A — D) or in the absence (E — H) of Cr(VI) at
operational times of 48 h or 120 h under closed circuit (CCC) or open circuit (OCC)
conditions.
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830  Figure 8 Charge distribution during outward (A and B) or inward (C and D) EET
831  processes catalyzed by Stenotrophomonas sp. YS1 or S. marcescens Q1 at operational

832  times of 48 h or 120 h in the presence (A and C) or in the absence (B and D) of Cr(VI).
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