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HIGHLIGHTS

GRAPHICAL ABSTRACT

Bacterial suspensions of E. coli or
B. subtilis can readily reduce NACs.
Reduction of NACs occurs predomi-
nantly within the extracellular matrix.
Hemiacetal groups in EPS serve as the
primary electron donor agents.
Cytochromes, flavins and quinones in
EPS serve as electron transfer mediators.
Reduction of NACs is nonenzymatic and
driven by extracellular electron transfer.
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Redox transformations of organic contaminants by bacterial extracellular polymeric substances (EPS) and the as-
sociated electron transfer mechanisms are rarely reported. Here we show that a nitroaromatic compound (1,3-
dinitrobenzene) can be readily reduced to 3-hydroxylaminonitrobenzene and 3-nitroaniline in aqueous suspen-
sion of common bacteria (E. coli or B. subtilis) or in aqueous dissolved EPS extracted from the bacteria. The loss
ratio of 1,3-dinitrobenzene by E. coli was unaffected after knocking out the nfsA gene encoding nitroreductase,
but was suppressed by removing EPS attached to cells. In contrast, the loss ratio was enhanced by adding aqueous
dissolved EPS to E. coli or B. subtilis suspension. The residual 1,3-dinitrobenzene and products formed after reduc-
tion were only presented outside the bacterial cells. Thus, bacterial reduction of 1,3-dinitrobenzene was medi-
ated by nonenzymatic extracellular reduction. This was further corroborated by the observation that the
stoichiometric demand of electrons in 1,3-dinitrobenzene reduction was nearly equal to the quantity of electrons
donated by bacterial cells in the electrochemical cell experiment. Inhibition on the reduction of 1,3-dinitroben-
zene by chemical probes combined with fluorescence detection demonstrated that reducing sugars in EPS
might act as electron donors, while cytochromes and some low-molecular weight molecules (flavins and qui-
nones) were involved as electron transfer mediators. Linear relationships were observed between the reduction
kinetics and the one-electron reduction potentials for a series of substituted dinitrobenzenes in the presence of
bacterial cells or dissolved EPS. Their close linear regression slope values suggest that the extracellular matrix
and the exfoliated EPS utilized the same reducing agents (likely hydroquinones and reduced flavins) as terminal
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electron donors to reduce NACs. These results reveal a previously unrecognized mechanism for nonenzymatic ex-
tracellular reduction of NACs by common bacteria.

Capsule: The extracellular matrix of E. coli or B. subtilis supplies both electron donors and electron transfer medi-
ators to efficiently reduce nitroaromatic compounds.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Extracellular electron transfer (EET) is essential to material and en-
ergy exchange of microbial cells with the external environment
(Gralnick and Newman, 2007; Lovley, 2008), and plays a pivotal role
in microbial dissimilatory metal reduction (iron, manganese, chro-
mium) (Shi et al., 2016), conversion of organic pollutants (e.g., azo
dye decolorization and pentachlorophenol dehalogenation) (Pearce
et al., 2010; Zhang and Katayama, 2012), and sustainable bioenergy ap-
plications (Lovley, 2006). Although many key details remain unre-
solved, EET is known to proceed via two general strategies: contact-
dependent direct transfer through multiheme cytochromes (Carlson
et al., 2012; Xiong et al., 2006) or nanowires (Reguera et al., 2006),
and indirect transfer through dissolved redox-active electron-shuttling
mediators that are produced by bacteria (e.g., flavins and quinones)
(Light et al., 2018; Marsili et al., 2008; Newman and Kolter, 2000) or
naturally present substances (humic quinone content) (Zhang and
Katayama, 2012).

Microorganisms can secrete and surround themselves by extracellu-
lar polymeric substances (EPS) comprising a mixture of diverse types of
biopolymers, mostly polysaccharides and proteins. EPS play a key role in
cell surface attachment and microhabitat formation to offer resistance
to desiccation, antibiotics, high salinity, and extreme temperature and
pH conditions (Boggs et al., 2016; Flemming and Wingender, 2010; Vu
et al., 2009). As a major component of biofilms (up to 90% of dry weight
biomass), EPS are an important constituent of labile natural organic
matter pool and contribute to biogeochemical cycles of organic matter
and nutrient elements (Flemming and Wingender, 2010; Vu et al.,
2009). Although EPS are known to keep many redox-active and/or
electron-conductive components (e.g., proteins, flavins, and quinones)
(Borole et al., 2011; Li et al., 2016; Xiao et al., 2017), it remains unclear
how and to what extent EPS affect the extracellular redox-
transformation of heavy metal ions and organic pollutants.

Nitroaromatic compounds (NACs) are widely used in many indus-
tries and agriculture as solvents, organic synthesis intermediates, explo-
sives, and pesticides. Consequently, NACs are inevitably released into
the environment, posing risks to environmental and public health due
to their potential toxicity and carcinogenicity (Kulkarni and
Chaudhari, 2007; Spain, 1995). Owing to the strong electron-
withdrawing ability of the nitro group, the aromatic ring of NACs is elec-
tron deficient; therefore, direct oxidative attack by oxygenases from
aerobic bacteria is rarely reported, particularly when the NACs are not
substituted with electron-donating groups (amines and phenols)
(Kulkarni and Chaudhari, 2007; Marvin-Sikkema and Bont, 1994;
Spain, 1995). Alternatively, a variety of anaerobic microorganisms
(e.g., Fe(Ill)- and sulfate-reducing bacteria) are reported to reduce
NACs in the presence of electron-donor substrates (Gorontzy et al.,
1993; Yuan et al., 1997). However, the underlying mechanisms associ-
ated with the reduction of nitro groups are not well understood.
Nitroreductases (mostly in vitro and purified) are also known to cata-
lyze the reduction of nitro groups in NACs to hydroxylamines or amines
in the presence of electron donors (Roldan et al., 2010; Somerville et al.,
1995), but there is insufficient evidence for their direct interaction with
NACs in vivo (Roldan et al., 2010; Spain, 1995). Additionally, because
most nitroreductases exist within cells, microorganisms that rely on
nitroreductases to reduce NACs will have to be able to resist and/or tol-
erate the intermediates and products (such as hydroxylamino- and

aminobenzene derivatives), which are often more toxic to microorgan-
isms (Aruoja et al., 2011; Spain, 1995; Yuan et al., 1997).

To date only a few studies have reported extracellular reduction of
organic contaminants (limited to pentachlorophenol and azo-dyes),
which involves Gram-negative Shewanella sp. and Geobacter sp. under
anaerobic conditions (Pearce et al., 2010; Zhang and Katayama, 2012).
We previously reported that EPS extracted from a variety of pure-
culture microorganisms (Escherichia coli, Bacillus subtilis, Phanerochaete
chrysosporium, and Saccharomyces cerevisiae) and natural biofilm alone
could reduce 1,3-dinitrobenzene to 3-hydroxylaminonitrobenzene and
3-nitroaniline (Kang and Zhu, 2013). Spectroscopic analyses of the EPS
before and after reaction with 1,3-dinitrobenzene combined with
Tollen's test suggested that the hemiacetal groups of rhamnose and
some phenolic groups in EPS acted as the reducing agents. However,
the role played by EPS on intact bacterial cells in NACs reduction re-
mains unknown.

The main objective of this study is to discern how NACs could be re-
duced in the extracellular matrix of common bacteria (Escherichia coli
and Bacillus subtilis) without exogenous electron-donor substrates.
Using batch reaction experiments and an array of chemical, electro-
chemical, and biological analyses integrated with apparent kinetic iso-
tope effect (AKIE), we determined the functional components in EPS
(exfoliated from bacteria and in intact cells) responsible for NACs reduc-
tion, and elucidated the underlying mechanisms for the nonenzymatic
extracellular reductive reaction.

2. Materials and methods
2.1. Materials

NACs including 1,3-dinitrobenzene (abbreviated to 1,3-DNB), 2,4-
dinitrobenzoic acid (abbreviated to 0-COOH as referenced by 1,3-
DNB), 2,4-dinitrobenzaldehyde (0-CHO), 2,4-dinitrophenol (0-OH),
2,4-dinitrochlorobenzene (o-Cl), 2,4-dinitrotoluene (o-CHs), 1,3,5-
trinitrobenzene (m-NO,), and 3-nitroaniline were purchased from
Sigma-Aldrich (St. Louis, MO, USA) in the highest purity. Sodium azide
(NaNs3) and chloroauric acid (HAuCl,) were also purchased from
Sigma-Aldrich. Sodium sulfide (Na,S), rotenone, and riboflavin were
from Sinopharm Chemical Reagent Co., Ltd. (China). Juglone was pur-
chased from CNW Technologies GmbH (Germany). Ultrapure water
(18.2 MQ-cm) was produced by a Milli-Q system (Millipore, Bedford,
MA). Peptone, yeast extract, and sodium chloride in biotechnology
grade from Oxoid Co., Ltd. (England) were used to prepare Luria-
Bertani (LB) medium containing 10 g-L~! peptone, 5 g-L™! yeast ex-
tract, and 10 g-L~! NaCl.

2.2. Preparation of bacterial cell suspension and extraction of EPS

The tested bacterial strains were Gram-positive Bacillus subtilis
(B. subtilis, GIM 1.372) and Gram-negative Escherichia coli DH5
(E. coli, GIM 1.571). The E. coli cells were further transformed commer-
cially (Sangon Biotech Co., Ltd., Shanghai) by knocking out the nfsA gene
encoding nitroreductase (NfsA) to obtain a new strain named AnfsA.
The bacteria were cultured in 20 mL of LB medium at 37 °C for 12 h,
then transferred into 1 L of fresh LB medium, and cultured for another
48 h to reach a stable phase. The bacteria were separated from LB me-
dium by centrifugation (6000g at 4 °C for 10 min), followed by repeated
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washing with Milli-Q water. The obtained cell pellets were resuspended
with Milli-Q water (approximately 5 x 10'? cells-L™!). The obtained
cell suspension of B. subtilis or E. coli was used for the following extrac-
tion of dissolved EPS and kinetic experiments.

Preparation of dissolved EPS from B. subtilis and E. coli was per-
formed using a chemical-free, sonication method as described in our
previous study (Kang and Zhu, 2013). Briefly, cell suspension
(6.7 x 102-1.0 x 103 cells-L™") was sonicated with an intensity of
2.7 W-cm? and a frequency of 50 kHz at 4 °C for 15 min to separate
EPS from bacterial cells, and then immediately centrifuged (10,000g at
4 °C for 20 min) for removing the cells. The supernatant was collected
and filtered through a 0.22-pm membrane (Anpel). The obtained filtrate
containing dissolved EPS (54.8 mgC-L~! on the basis of total organic
carbon/TOC) was stored at 4 °C for later use. Cell lysis during the EPS ex-
traction was negligible as indicated by the very low nucleic acid concen-
tration (Kang and Zhu, 2013; Kang et al., 2014). One portion of bulk
B. subtilis EPS was further separated into two different molecular weight
(MW) fractions by ultrafiltration using a Centricon-3 membrane with
cutting off 3 kDa (Milipore, USA). The obtained low-MW EPS
(MW < 3 kDa) and high-MW EPS (MW > 3 kDa) accounted for 65%
and 31% of the TOC of bulk B. subtilis EPS.

2.3. Reduction of 1,3-DNB in the presence of bacteria or EPS

The reduction of 1,3-DNB in the presence of B. subtilis or E. coli cells
was examined under three different EPS conditions: without manipula-
tion of EPS (referred to as pristine cells), with removal of EPS using
above sonication/centrifugation method (referred to as low-EPS cells),
and with addition of dissolved EPS at 7.2 mgC-L™! (referred to as
high-EPS cells). To initiate the batch reaction experiments, methanol
stock solution of 1,3-DNB (<0.1% in volume) was added to 65 mL of bac-
terial cell suspension containing 2 x 10'2 cells-L~" in 65-mL sterilized
brown glass vials equipped with Teflon-lined butyl rubber stoppers.
The initial concentration of 1,3-DNB was 30 pumol-L™" for B. subtilis
cells and 40 pmol-L ! for E. coli cells. The samples were incubated and
shaken by an orbital shaker in the dark at 35 4+ 0.5 °C, and aliquots
(<0.5 mL) were sampled at desired time intervals (0-10 h for B. subtilis
cells and 0-3 h for E. coli cells). The collected aliquot was treated by the
above-mentioned sonication/centrifugation method to facilitate the
transfer of 1,3-DNB and its reaction product and intermediate sorbed
on the bacterial surface into the aqueous phase. The supernatant was
withdrawn and stored (referred to as extracellular samples). A separate
analysis was performed to test the possibility of intracellular reduction
of 1,3-DNB. After removal of EPS by sonication/centrifugation, pellets
of B. subtilis cells at reaction times of 0, 5, and 10 h and E. coli cells at re-
action times of 0, 1, and 3 h were resuspended with Milli-Q water and
disrupted by high intensive focused ultrasound (HIFU) (d6, Scientz,
China) with an intensity of 450 W-cm? and a frequency of 24 kHz at
0 °C for 5 min. After centrifugation (10,000g at 4 °C for 20 min), the su-
pernatant containing cell lysate was collected and stored (referred to as
intracellular samples). The obtained pellets of cell debris were extracted
twice with methanol by orbital shaking for 20 min at room temperature,
and the supernatant was collected and stored (referred to as cell debris
samples). Triplicate samples were run for each time point in batch reac-
tion experiments. The pH of bacterial suspensions was measured to be
6.8 & 0.3 at the end of the batch reaction experiments.

The collected extracellular samples, intracellular samples, and cell
debris samples were analyzed by a high-performance liquid chromatog-
raphy (HPLC) equipped with a photodiode array detector (Model 1200,
Agilent) using an XDB-C18 column (Agilent). Isocratic elution (55% ace-
tonitrile/45% water, v/v) was run at 25 °C with a flow rate of
1.0 mL-min~". The detection wavelength was set at 245 nm for 1,3-
DNB, 3-nitroaniline (product), and 3-hydroxylaminonitrobenzene (in-
termediate). Their concentrations were measured according to calibra-
tion curves prepared by corresponding standard compounds.
Identifications of 3-nitroaniline and 3-hydroxylaminonitrobenzene

were further verified by gas chromatography mass spectrometry
(Trace DSQ, Thermo-Fisher, USA) analysis of the dichloromethane ex-
tract of the aliquot using a method as described in our previous study
(Kang and Zhu, 2013).

Meanwhile, the kinetics of 1,3-DNB reduction in the presence of EPS
extracted from B. subtilis or E. coli was examined by a similar set of ex-
periments, except that the experiments were conducted in a glove box
filled with high-purity nitrogen for eliminating oxygen. The EPS solu-
tion (54.8 mgC-L™") was also purged with nitrogen to remove dissolved
oxygen prior to spiking of 1,3-DNB (initially at 13.0 umol-L™!). The frac-
tionalized low-MW EPS and high-MW EPS from bulk B. subtilis EPS were
also tested in 1,3-DNB reduction. Triplicate samples were run for each
time point in batch reaction experiments. The pH of EPS solutions was
measured to be 7.3 4 0.2 at the end of the batch reaction experiments.

To further evaluate the potential role of redox and/or electron-
transfer active substances in 1,3-DNB reduction by bacterial cells or
EPS, suppression experiments were conducted in the presence of 9.2-
mM sodium azide (a cytochrome inhibitor) (Yang, 1985) or 0.1-mM ro-
tenone (a NADH-ubiquinone reductase inhibitor) (Esposti, 1998). An-
other set of experiments was run to assess the suppression effect of
gold ion (Au®", 0.025 mM), a consumer of reducing agents such as
hemiacetals (Kang et al., 2017), on 1,3-DNB reduction by EPS. This sup-
pression experiment was not conducted on bacterial cells considering
the cytotoxicity of Au>* (Kang et al., 2017).

24. Spectroscopic measurements of electron transfer mediators

Electron transfer mediators (flavins and quinones) possibly involved
in 1,3-DNB reduction were detected by fluorescence spectrophotometer
(Hitachi F-4500). Prior to analysis, the bacterial cell suspension was cen-
trifuged at 10,000g for 10 min at 4 °C to obtain the extracellular super-
natant. The flavins in the extracellular supernatant, bulk EPS, low-MW
EPS, and high-MW EPS were detected by scanning the fluorescence
emission spectra (465-800 nm) at 464 nm excitation wavelength
(Wang et al., 2013). The quinone derivatives in these samples were de-
tected by scanning the fluorescence emission spectra (365-500 nm) at
350 nm excitation wavelength (Chen et al., 2003; Cory and Mcknight,
2005).

2.5. Structure activity relationship (SAR) for NACs reduction

The SAR was examined for cell suspension (2 x 10'2 cells-L~! for
B. subtilis and 1.8 x 10'? cells-L™" for E. coli) and dissolved EPS (28.4
mgC-L~! for B. subtilis EPS and 30.3 mgC-L~! for E. coli EPS) with a
total of seven NACs, including 1,3-DNB, 0-Cl, 0-CHO, 0-CO0~, 0-07, o-
CHs, and m-NO,. The SAR was assessed by linear regression on the log-
arithms of the observed pseudo-first-order kinetic rate constants (Kqps,
h™!) of the NACs versus their one-electron reduction potentials refer-
enced with a standard hydrogen electrode (E}, V). The gas-phase Ej;
values of NACs were calculated by density functional theory (DFT)
with the 6-314-G(d,p) basis set and the B3LYP exchange correlation
functions (Phillips et al., 2008). The aqueous-phase Ej; values of NACs
were then calculated by incorporating the respective gas-phase E}
values with the free energy changes associated with the solvation pro-
cess, which were calculated using the COSMO-SMD continuum solva-
tion model by the NWChem Software Suite (Salter-Blanc et al., 2015).
The calculated aqueous-phase Ef; values were —0.392 V for 1,3-DNB,
—0.356 V for o-Cl, 0.0230 V for 0-CHO, —0.913 V for 0-COOH,
—1.188 V for 0-OH, —0.524 V for 0-CH3, ands —0.113 V for m-NO,.
Under the tested pH conditions (pH = 6.7), 0-COOH (pK, = 1.43) and
0-OH (pK, = 4.09) were completely dissociated to their anionic forms.
This was considered in the calculation. The abbreviations 0-COO™ and
0-0~ were used hereafter to represent the ionized forms. It is worth
noting that the temperature deviation of Ef; calculation at standard
state (25 °C) from batch kinetic experiments (35 °C) was equivalent
for all tested NACs and should be cancelled in the regression.
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2.6. Nitrogen kinetic isotope effects of 1,3-DNB reduction

The batch reaction of 1,3-DNB (initially at 13 pmol-L™") was con-
ducted using the same method as described above with three different
reductants: suspension of B. subtilis cells (2 x 10'? cells-L™1), dissolved
B. subtilis EPS (55.3 mgC-L™'), and solution of sodium sulfide
(5 mmol-L™!, buffered with 50-mM Tris-HCl at pH 7.3). The residual
1,3-DNB after reaction at desired time intervals was extracted twice
with trichloromethane at 1/1 ratio (v/v) by orbital shaking for 20 min
at room temperature. The organic solvent was collected and filtered
through anhydrous Na,SO, (5 g) to remove water, and then evaporated
to dryness under a steam of nitrogen. The residues were re-dissolved in
0.15-mL trichloroethane, and the nitrogen stable isotopes of 1,3-DNB
were measured by a gas chromatography-combustion-isotope ratio
mass spectrometer (GC-C-IRMS) (Thermo-Fisher, US) with a Thermo
column. Helium was used as carrier gas at a flow rate of
1.0 mL-min~ . The GC temperature program consisted of an initial
oven temperature of 100 °C, held at 100 °C for 1 min, elevated from
100 to 200 °C at 20 °C-min~' and then from 200 to 280 °C at
5°C-min~!, and finally held at 280 °C for 7 min. The & '°N values of
1,3-DNB were derived from triplicate measurements with good preci-
sion (<0.5%. and 10) and were reported relative to N, in air.

The bulk >N enrichment factor (ey) was determined from linear re-
gression of Eq. (1) (Elsner et al., 2005; Hofstetter et al., 2008a).

6PN +1 C
n|l————|=¢yIn{= 1
(515N0+1> " <C0> v

where 8'°Ng and 6'°N are the '°N signatures of the substrate at the start
time and the given time of the reaction, respectively, and Cp and C are
the corresponding substrate concentrations. Apparent kinetic isotope
effects of nitrogen, AKIEy, were calculated according to Eq. (2) (Elsner
et al., 2005; Hofstetter et al., 2008a).

1
AKIEy = (1 + n/x-z-eN/1000) @

where n, x, and z are correction factors accounting for isotopic dilu-
tion (number of nitrogen isotope atoms), number of reactive sites, and
number of reactive positions in intramolecular isotopic competition
(Hartenbach et al., 2008; Hofstetter et al., 2008a). Thus, the overall cor-
rection factor (n/x-z) for 1,3-DNB was equal to 2 accounting for isotopic
dilution (n = 2), number of reactive sites (x = 1), and number of reac-
tive positions (z = 1) in intramolecular isotopic competition
(Hartenbach et al., 2008; Hofstetter et al., 2008a).

3. Results and discussion
3.1. Reduction of 1,3-DNB by bacterial cell suspension and EPS

Fig. 1a-b displays the residual ratio of 1,3-DNB, which is defined as
the concentration of remaining 1,3-DNB at the end of the batch reaction
to its initial concentration, for B. subtilis and E. coli, respectively. The
transformation ratios of 1,3-DNB to 3-hydroxylaminonitrobenzene (in-
termediate) and 3-nitroaniline (product), which are defined as the con-
centrations of the newly formed compounds at the end of the reaction
to the initial concentration of 1,3-DNB, are also presented in Fig. 1a-b.
Summing up the three compounds results in a reasonable mass balance
(78% for B. subtilis and 95% for E. coli). Nitroso derivatives and azo prod-
ucts likely accounted for the rest balance according to previous studies
on NACs reduction (Kang and Zhu, 2013; Kulkarni and Chaudhari,
2007). Notably, 1,3-DNB, 3-hydroxylaminonitrobenzene, and 3-
nitroaniline were only detected in the extracellular samples (superna-
tant and extracted EPS after reaction), but not in the intracellular sam-
ples or cell debris samples (detection limits about 0.4 pmol-L™1).

Thus, the reduction of 1,3-DNB occurred only in the extracellular matrix
of the tested bacteria.

Both B. subtilis and E. coli could readily reduce 1,3-DNB. Approxi-
mately 73.2% of 1,3-DNB was reduced by pristine cells of B. subtilis
after 10-h reaction, while 91.7% was reduced by pristine cells of E. coli
after 3-h reaction. Clearly, E. coli cells were much more efficient than
B. subtilis cells in 1,3-DNB reduction. For both B. subtilis and E. coli, the
loss ratio of 1,3-DNB (calculated by one minus the residual ratio) in-
creased with the addition of extra EPS (high-EPS cells). With the re-
moval of EPS (low-EPS cells), the loss ratio of 1,3-DNB decreased for
E. coli, but kept nearly constant for B. subtilis. However, the transforma-
tion ratio of 1,3-DNB to 3-nitroaniline (final reduction product) was
much lower by low-EPS cells of B. subtilis (10.2%) than that by pristine
cells of B. subtilis (17.6%), confirming that the reduction efficiency of
1,3-DNB in terms of the amount of electrons accepted was also lowered
by the removal of EPS. With the exception of high-EPS cells of B. subtilis,
the concentration of 3-hydroxylaminonitrobenzene far exceeded the
concentration of 3-nitroaniline, especially for E. coli cells.

As shown in Fig. 1c-d, 1,3-DNB reduction was best described by the
pseudo-first-order kinetic model (R?>0.96). The observed pseudo-first-
order kinetic rate constant (kops) was 0.136 & 0.003 h™! for pristine
cells of B. subtilis, and 0.84 + 0.09 h™! for pristine cells of E. coli (see
values in Table S1, Supporting Information). With the addition of extra
EPS, the kops increased by 72.1% for B. subtilis cells and by 28.3% for
E. coli cells. With removal of EPS, the k,,s decreased by 49.8% for E. coli
cells, but by only 3.7% for B. subtilis cells. The loss ratio of 1,3-DNB by
E. coli cells after knocking out the nitroreductase gene (AnfsA) is pre-
sented in Fig. 1b, and the reaction kinetics in Fig. 1d. Compared with
the parent wild-type E. coli cells, 1,3-DNB reduction by the transformed
cells was not impeded at all. Thus, the reduction of 1,3-DNB by the
tested bacteria was not mediated by nitroreductases.

Fig. 2 displays the loss ratio and reaction kinetics of 1,3-DNB by dif-
ferent EPS (kops values summarized in Table S2). The reducing capability
of EPS seemed to be much lower than that of bacterial cells. The loss
ratio of 1,3-DNB was 80.7% for E. coli EPS after a 32-h reaction and
80.2% for B. subtilis EPS after a 42-h reaction (Fig. 2a). Consistent with
the results of bacterial suspensions, E. coli EPS showed higher reducing
capability than B. subtilis EPS (Fig. 2c). Moreover, the reducing capability
of EPS extracted from E. coli cells was not decreased by knocking out the
nitroreductase gene (AnfsA). The reducing capability was also com-
pared between bulk B. subtilis EPS and the two molecular weight frac-
tions, low-MW EPS (<3 kDa) and high-MW EPS (>3 kDa) (Fig. 2b and
d). Adding the contributions of the two molecular weight fractions
completely accounted for the overall loss ratio and reduction rate of
1,3-DNB by bulk B. subtilis EPS. However, the contributions of the two
molecular weight fractions were not proportional to their TOC quotas
(65% for low-MW EPS and 31% for high-MW EPS). In fact, >85% 1,3-
DNB reduction was contributed by low-MW EPS, suggesting the pre-
dominant role played by the component. These observations rule out in-
volvement of high-MW macromolecules such as proteins
(cytochromes) in 1,3-DNB reduction by EPS.

3.2. Electron transfer characteristics of extracellular 1,3-DNB reduction

The nature of electron transfer in 1,3-DNB reduction by B. subtilis
was examined by electrochemical cell analysis. As shown in Fig. 3a,
B. subtilis cells and 1,3-DNB were individually placed in two flasks
connected by a proton exchange membrane only to allow free pro-
ton exchange. Aliquots were withdrawn from the flask containing
1,3-DNB at desired time intervals to monitor the reaction. In the
meantime, the quantity of electrons passing through the external
circuit during the reaction was monitored. The stoichiometric de-
mand of electrons in 1,3-DNB reduction was calculated by summing
up the amounts of electrons needed to reduce 1,3-DNB to 3-
nitroaniline  (six electron equivalent) and to 3-
hydroxylaminonitrobenzene (four electron equivalent). In principle,
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Fig. 1. Reduction of 1,3-dinitrobenzene in the presence of pristine cells without manipulation of EPS, low-EPS cells with removal of EPS by sonication/centrifugation, or high-EPS cells with
addition of extra dissolved EPS for B. subtilis (2 x 10'? cells-L~") and E. coli (1.8 x 10" cells-L~'). (a), (b) Residual ratio of 1,3-dinitrobenzene (red bar), defined as the concentration of
remaining 1,3-dinitrobenzene to its initial concentration (30 umol-L™" for B. subtilis and 40 pmol-L™" for E. coli), and transformation ratios of 1,3-dinitrobenzene to 3-
hydroxylaminonitrobenzene (blue bar) and 3-nitroaniline (black bar) at the end of the reaction for B. subtilis (a) and E. coli (b). (c), (d) Pseudo-first-order kinetics of 1,3-
dinitrobenzene reduction plotted as In (C¢/Co) against time for B. subtilis (c) and E. coli (d). Error bars represent standard deviations calculated from triplicate samples. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the measured quantity of electron transfer through the external cir-
cuit was equal to the stoichiometric demand of electrons to reduce
1,3-DNB in the early stage (0-14 h) (Fig. 3b). However, at the end
of the experiments (24 h), the measured quantity of electron trans-
fer was nearly 50% higher than the stoichiometric demand of elec-
trons to reduce 1,3-DNB. This was likely due to formation of
unidentified reaction products in the late stage (Kang and Zhu,
2013) and/or electrode passivation. Nonetheless, the electrochemi-
cal analysis reaffirms that 1,3-DNB reduction occurred in the extra-
cellular matrix and was not mediated by substrate-specific
enzymes (e.g., nitroreductases).

Electron transfer mediators in the extracellular matrix involved in
1,3-DNB reduction were detected by fluorescence spectroscopy
(Fig. 4). Flavins and quinone derivatives were found in extracellular su-
pernatant and bulk EPS for both B. subtilis and E. coli, as reflected by the
maximum emission wavelengths at 525 nm and 425 nm, respectively
(Chen et al., 2003; Cory and Mcknight, 2005; Wang et al.,, 2013). Com-
pared with the high-MW EPS, the low-MW EPS contained much higher
contents of flavins and quinone derivatives. This was reasonable as the
molecular weights of flavins and quinone derivatives generally fall
within the range of several hundred Da (Light et al., 2018; Yang et al.,
2016).

The extracellular electron transfer mediators were further probed
by suppression experiments by 9.2-mM sodium azide (a cytochrome
inhibitor) (Yang, 1985) and 0.1-mM rotenone (a NADH-ubiquinone
reductase inhibitor) (Esposti, 1998) (Fig. 5a-b). For both B. subtilis
ad E. coli, the presence of sodium azide suppressed 1,3-DNB reduc-
tion, with much more significant effects observed for E. coli cells
(kons decreased by 89.2%, see Table S3), suggesting that cytochromes

played an important role in the extracellular reduction of 1,3-DNB.
Unlike E. coli, B. subtilis exhibited at least a 4-h lag in suppression re-
action. Contrary to Gram-negative E. coli cells, Gram-positive subtilis
cells have a much thicker cell wall (10 to 80 nm) and lack a periplasm
for hosting large-quantity extracellular cytochromes, therefore
resulting in delayed and weaker suppression effects. The presence
of rotenone moderately suppressed 1,3-DNB reduction, wherein
the kops decreased by 26.4% for B. subtilis and by 20.7% for E. coli.
Thus, NADH-ubiquinone reductase participated in the extracellular
reduction of 1,3-DNB. In contrast, the presence of rotenone caused
no suppression effects on 1,3-DNB reduction by dissolved EPS ex-
tracted from B. subtilis (Fig. 5c), ruling out involvement of NADH-
ubiquinone reductase. These results imply that electron transfer me-
diators involved in 1,3-DNB reduction might differ in type and effi-
ciency between extracellular matrix and dissolved EPS.
Additionally, the presence of 0.025-mM Au>*, which depleted the
reducing agents in EPS such as hemiacetals of reducing sugars
(Kang et al., 2017), pronouncedly impeded 1,3-DNB reduction (kops
decreased by 49.6%) (Fig. 5c), indicating the importance of these
functionalities in 1,3-DNB reduction by EPS.

3.3. Structural dependence of the reduction of NACs

The structural dependence of reaction was examined with a total of
seven NACs for both cells (2 x 102 cells-L~" for B. subtilis and 1.8 x 10'?
cells-L™! for E. coli) and both EPS (28.4 mgC-L™! for B. subtilis EPS and
30.2 mgC-L ™! for E. coli EPS). The SAR was demonstrated by linear cor-
relation between log koys (h™') and Ej; (V) (Dunnivant et al., 1992;



6 X. Zhou et al. / Science of the Total Environment 724 (2020) 138291

100
(a) Bacterial EPS
80 - 1,3-dinitrobenzene
-3-hydroxylaminonitrohenzene
- 3-nitroaniline
g
S
)
B.subtilis EPS  E. coli EPS Anfs4 EPS
0.0 (c) Bacterial EPS
-0.54
<
g -1.04
=
-1.54 i
O AnfsA EPS Ry e
O E.coli EPS N
204 A B. subtilis EPS >
0 10 20 30 40
Time (h)

100
(b) B. subtilis EPS
80 - 1,3-dinitrobenzene
3-hydroxylaminonitrob
-3-nitroaniline
g 60
=4
Q
O 404
20+
0-
B. subtilis EPS Low-MW EPS High-MW EPS
0.0 (d) B. subtilis EPS
-0.4 -
< R
O 081
= - é
-124{ O BukEPS =
O Low-MW EPS g
A High-MW EPS "
-1.6 T T T T T T T T T T T
0 10 20 30 40 50
Time (h)
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order kinetics of reduction of 1,3-dinitrobenzene plotted as In (C;/Co) against time for different EPS. Error bars represent standard deviations calculated from triplicate samples. (For
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lation (R? > 0. 87) indicated that the rate-determining step for the
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were 0.108 + 0.008 (R?> = 0.957) for B. subtilis cells, 0.096 + 0.005
(R?* = 0.872) for B. subtilis EPS, 0.117 -+ 0.008 (R?> = 0.904) for E. coli
cells, and 0.101 & 0.004 (R?> = 0.956) for E. coli EPS. The much lower
than unity slope values indicate that the overall reaction rate was only
weakly dependent on the electron transfer between the terminal elec-
tron donor and NACs; however, the production of the terminal electron
donors or the precursor formation was the rate-limiting step
(Dunnivant et al., 1992). Furthermore, the very close slope values be-
tween bacterial cells and EPS indicated that they encountered the
same rate-determining step in the reduction of NACs, which was likely
to be the production of the terminal electron donors. Despite the very
close slope values, the incept of the linear regression for bacterial cells
was about one and half orders of magnitude higher than that for bacte-
rial EPS, suggesting the much higher efficiency of bacterial cells in pro-
ducing terminal electron donors under the experimental conditions.

3.4. Nitrogen kinetic isotope effects of 1,3-DNB reduction

Nitrogen kinetic isotope effects have been applied to differentiate
physicochemical and biochemical reactions of NACs (Hartenbach et al.,
2006; Hofstetter et al., 2008b; Wijker et al., 2017). The observable ki-
netic isotope effect of NACs, indexed by AKIEy, can be lowered by the
so called “masking effect” from non-fractionating steps (i.e., reversible
binding to the active site of enzymes) preceding the actual nitrogen-
oxygen bond cleavage (Hofstetter et al., 2008b; Wijker et al., 2017).
For B. subtilis cells, B. subtilis EPS, and sodium sulfide, the &y, regression
slope values in the plot of (8°N + 1000) vs. In (C/Cy), were determined
to be —14 + 2%,, —19.8 + 0.4%,, and —20.9 + 0.7%., respectively
(Fig. S2), and the AKIEy values were calculated to be 1.028 4 0.004,
1.0413 £ 0.0008, and 1.044 + 0.001. The values are summarized in Ta-
ble S5, along with €y and AKIEy values for the reduction of NACs ob-
tained from literature studies (Hartenbach et al., 2006; Hartenbach

et al,, 2008; Hofstetter et al., 2008b; Wijker et al., 2017). The AKIEy
value for 1,3-DNB reduction by B. subtilis EPS was very close to that by
sodium sulfide, suggesting the abiotic nature of the reaction with EPS.
Consistently, the AKIEy value for the reduction of NACs (2- and 4-
nitrotoluene) by 9,10-anthrahydroquinonone-2,6-disulfonate acid
(AH,QDS) was previously shown to range from 1.0396 to 1.0453
(Hartenbach et al., 2008). Compared with these abiotic reactions, the
AKIEy value (1.028 + 0.004) for 1,3-DNB reduction by B. subtilis cells
was much lower, suggesting that other processes (i.e., reversible bind-
ing to extracellular active sites) might also contribute to the rate of re-
duction (Hofstetter et al., 2008b). In line with this observation, a
previous study reported very similar AKIEy values from 1.0221 to
1.0273 for the reduction of NACs (nitrophenol and nitrobenzene) by
Pseudomonas sp. under metabolism of electron-donor substrates
(Hofstetter et al., 2008b; Wijker et al., 2017). Notably, introducing an
electron transfer mediator into a redox system might affect the appar-
ent kinetic isotope effect of the involved compound by facilitating the
rate-limiting step. With the presence of juglone (a well-known electron
transfer mediator), the AKIEy value for the reduction of NACs (2- and 4-
chloronitrobenzenes) by sulfide ranged from 1.0288 to 1.0312 (Wijker
et al., 2017), which was lower than the AKIEy value (1.043) observed
herein for 1,3-DNB reduction by sulfide in the absence of any electron
transfer mediator. Thus, the difference of AKIEy for 1,3-DNB reduction
between B. subtilis cells and B. subtilis EPS could be due to the obviously
more enriched and diversified electron transfer mediators in the extra-
cellular matrix of living cells.

3.5. Mechanisms for extracellular reduction of NACs
We herein unambiguously demonstrate that two common bacteria,

B. subtilis and E. coli, reduce 1,3-DNB within the extracellular matrix
without involving any substrate-specific enzymes
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Fig. 5. Pseudo-first-order kinetics of 1,3-dinitrobenzene reduction plotted as In (C/Co) against time with and without the presence of different inhibitors (sodium azide, rotenone, and gold
ions) for different systems. (a) B. subtilis (2 x 10'2 cells-L™"). (b) E. coli (1.8 x 10" cells-L™1). (c) B. subtilis EPS (56.9 mgC-L™"). Error bars represent standard deviations calculated from

triplicate samples.

(e.g., nitroreductases). Converging lines of evidence were obtained:
1) the parent compound (1,3-DNB), intermediate (3-
hydroxylaminonitrobenzene), and product (3-nitroaniline) were only
detected in the extracellular supernatant, but not within the tested
cells; 2) knocking out nitroreductase nfsA gene caused no suppression
effects on 1,3-DNB reduction by E. coli cells and E. coli EPS; 3) 1,3-DNB
reduction could be successfully achieved by the electrochemical cell fa-
cility wherein bacterial cells and 1,3-DNB molecules were physically
separated; 4) 1,3-DNB reduction could be induced by dissolved EPS
alone, and the reaction was dominated by the low-MW EPS in which
most enzymes (proteins) were excluded. To date most studies on extra-
cellular reduction have focused on dissimilatory metal reduction (such
as iron, manganese, and chromium) by electroactive bacteria including
Shewanella sp. and Geobacter sp. (Marsili et al., 2008; Newman and
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- )
1 1
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Kolter, 2000; Shi et al., 2016). Only a few studies reported extracellular
reduction of pentachlorophenol and azo-dyes by such bacteria medi-
ated by exogenous electron transfer mediators (humin, 9,10-anthraqui-
none-2,6-disulfonate/AQDS) under anaerobic conditions (Pearce et al.,
2010; Zhang and Katayama, 2012). The most remarkable finding of
our study is that NACs could be effectively reduced in the extracellular
matrix of common bacteria without involving any exogenous electron
donors or electron transfer mediators, which are often scarce or limited
under realistic environmental conditions.

Based on solid-state '>C NMR analysis, we previously identified that
the hemiacetal groups of reducing sugars and phenol groups in E. coli
EPS were both involved in 1,3-DNB reduction (Kang and Zhu, 2013).
Consistently, reduced juglone generated from electrochemical reduc-
tion according to literature method (Hartenbach et al., 2008) could
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Fig. 6. Linear correlations between pseudo-first-order rate constants [log kops (h™')] of reduction of various NACs and their one-electron reduction potentials [Ef;/0.059 (V)] for B. subtilis
(2% 10" cells-L™"), E. coli (1.8 x 10'? cells-L™"), B. subtilis EPS (28.4 mgC-L™"), and E. coli EPS (30.3 mgC-L™!). Regression slopes (a) are depicted.
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readily reduce 1,3-DNB (Fig. S1a). Moreover, reduced riboflavin pre-
pared using the same method could also reduce 1,3-DNB (Fig. S1b).
However, glucose could not reduce 1,3-DNB even with the assistance
of juglone or riboflavin as an electron shuttle (data not shown). Thus,
the hydroquinone moieties (phenol group equivalents) as well as the
reduced flavins in EPS likely acted as the terminal electron donors in
1,3-DNB reduction. In the absence of exogenous electron donors, bacte-
rial cells consume hemiacetal groups of reducing sugars in EPS to gener-
ate electrons which are transferred through dissolved redox-active
electron transfer mediators (flavins and quinones) to extracellular cyto-
chromes and then to intracellular redox-active proteins (e.g., NADH-
ubiquinone reductase). In fact, EPS can serve as surrogates of electron
donors and probably carbon sources when these resources are scarce
(Zhang and Bishop, 2003). Consistent with this hypothesis, removal of
EPS (low-EPS cells) decreased the reduction efficiency of 1,3-DNB,
whereas addition of extra EPS (high-EPS cells) increased the reduction
efficiency of 1,3-DNB (Fig. 1). Additionally, the electron donors in EPS
primarily comprised of the low molecular weight polysaccharides, hy-
droquinones, and reduced flavins, as demonstrated by the overwhelm-
ing reducing capability of the low-MW EPS relative to the high-MW EPS
(Fig. 2b and d).

The minimal reduction suppression by rotenone (Fig. 5c) combined
with the predominance of low-MW EPS in 1,3-DNB reduction (Fig. 2d)
corroborated that redox-active/conductive proteins were not involved
in the reduction of 1,3-DNB by EPS, reflecting the abiotic nature of the
reaction. The abiotic nature of the reaction was also evidenced by the
close AKIEy values observed between B. subtilis EPS and sodium sulfide
(Table S5). On the other hand, the lack of redox-active/conductive pro-
teins in dissolved EPS led to much lower reduction efficiency of 1,3-DNB
compared to bacterial cells. Nonetheless, the nearly identical slope
values obtained from the log kop,s-E}; correlation relationship between
B. subtilis cells and B. subtilis EPS (Fig. 6) strongly supported that they
exploited the same primary electron donors to generate the same ter-
minal electron donors (hydroquinones and reduced flavins) in NACs
reduction.

4. Conclusions

This study investigated the underlying mechanisms for the extracel-
lular reduction and electron transfer of two common bacteria, B. subtilis
and E. coli, by comparing the characteristics of NACs reduction between
bacterial cells and extracted dissolved EPS. Chemical, electrochemical,
and biological analyses unambiguously demonstrate that NACs reduc-
tion occurs predominantly within the extracellular matrix. The hemiac-
etal groups of reducing sugars in EPS are proposed to be the primary
electron donors, which further generate reduced electron transfer me-
diators (hydroquinones and reduced flavins) as the terminal electron
donors to reduce NACs. Compared with extracted dissolved EPS, the
EET by bacterial cells is much more efficient because of the presence
of redox-active/conductive proteins (cytochromes and NADH-
ubiquinone reductase). These results demonstrate that EET can be
exploited by non-electroactive, common bacteria (B. subtilis and
E. coli) in the absence of exogenous electron donors to reduce organic
compounds. Overall, these findings advance fundamental understand-
ing of microbial extracellular reduction of high-oxidation-state pollut-
ants (such as NACs, chromate, and perchlorate), not only for
environmental fate assessment but also for informing the development
of bioremediation technologies.
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Appendix A. Supplementary data

The kops values for NACs reduction in different reaction systems can
be found in Tables S1-S4 in Supporting Information. Table S5 compares
nitrogen kinetic isotope effects for 1,3-DNB reduction and data for NACs
reduction collected from literature studies. Fig. S1 displays reduction ki-
netics of 1,3-DNB by electrochemically reduced juglone and riboflavin.
Fig. S2 displays bulk >N enrichment factors in 1,3-DNB reduction for
different reaction systems. Supplementary data to this article can be
found online at https://doi.org/10.1016/j.scitotenv.2020.138291.
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