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of bisphenol S: mechanistic insights
from stable isotope-assisted investigations

Rui Hou,' Lin Gan,’ Fengyi Guan,’ Yi Wang," Jibing Li,” Shungui Zhou,® and Yong Yuan'-**

SUMMARY

Electroactive microbes is the driving force for the bioelectrochemical degrada-
tion of organic pollutants, but the underlying microbial interactions between
electrogenesis and pollutant degradation have not been clearly identified.
Here, we combined stable isotope-assisted metabolomics (SIAM) and "*C-DNA
stable isotope probing (DNA-SIP) to investigate bisphenol S (BPS) enhanced
degradation by electroactive mixed-culture biofilms (EABs). Using SIAM, six '*C
fully labeled transformation products were detected originating via hydrolysis,
oxidation, alkylation, or aromatic ring-cleavage reactions from '3C-BPS, suggest-
ing hydrolysis and oxidation as the initial and key degradation pathways for the
electrochemical degradation process. The DNA-SIP results further displayed high
13C-DNA accumulation in the genera Bacteroides and Cetobacterium from the
EABs and indicated their ability in the assimilation of BPS or its metabolites.
Collectively, network analysis showed that the collaboration between electroac-
tive microbes and BPS assimilators played pivotal roles the improvement in
bioelectrochemically enhanced BPS degradation.

INTRODUCTION

Bioelectrochemical system (BES) is a sustainable technology that can provide continuous electrons to
enhance bioremediation efficiency through a combination of biological and electrochemical processes
(Miran et al., 2018; Wang et al., 2016). BESs have been applied for in degradation of various recalcitrant
pollutants, such as BTEX compounds (benzene, toluene, ethylbenzene, and xylenes) (Daghio et al.,
2018), sulfa drugs (Miran et al., 2018; Wang et al., 2016), halogenated aromatic hydrocarbons (2-fluoroani-
line, 2,4,6-trichlorophenol, and 2,4-dichlorophenol) (Cao et al., 2016; Xu et al., 2018; Zhang et al., 2014), and
organophosphate esters (Hou et al.,, 2019). A mixed-culture BES exhibited the most promising stable
electrochemical expression and degradation cooperation (Ng et al., 2017), and the electricity generated
by electrochemically active biofilms (EABs) was deemed the central driving force for the biocatalysis of
recalcitrant compounds in the BES (Hou et al., 2019). The degradation of organic pollutants is commonly
accomplished by anodic oxidation by EABs, where the pollutant discharges electrons to oxidative metab-
olites (Hasany et al., 2016; Song et al., 2016). Therefore, comprehensive investigation of the microbial
community and pollutant transformation in BES is crucial and will lead to a better understanding of bio-
electrochemical reaction mechanisms and assessment of treatment efficiency (Yan et al., 2019).

Considering that most electroactive microbes (EAMs) in EABs can only use restricted substrates as electron
donors, such as acetate and glucose (Chae et al., 2009; Fernando et al., 2019; Kiely et al., 2011; Logan et al.,
2019), several studies recognized that unique non-EAMs in EABs were responsible for metabolizing organic
pollutants (Capellades et al., 2016; Yan et al., 2019). The degradation process for organic pollutants can be
divided into the decomposition of complex compounds by non-EAMs and the subsequent utilization of
simple products by EAMs (Cao et al., 2020). To reveal the actual microbial characteristics during the
electrochemical degradation of organic pollutants in BES, high-throughput sequencing and even metage-
nomic approaches have been used to scan the pollution-associated microbiome in EABs. The existence of
target organic pollutants can alter the microbial community on the anode surface of the BES, where some
microbial communities with unique pollutant degradation capacities were enriched on acclimatized EABs
(Hou et al., 2019; Lu et al., 2014; Pham et al., 2009; Yan et al., 2017). It was suggested that the coexistence
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mechanisms for the enhanced degradation of biorefractory compounds in BES (Hou et al., 2019). However,
the contribution of non-EAMs to pollutant degradation and the possible interaction mechanisms between
EAMs and non-EAMs during pollutant degradation are still unknown.

The degradation pathways for several biorefractory compounds in mixed-culture EABs have been previ-
ously demonstrated via target screening methods using high-resolution mass spectrometry. For example,
the degradation pathway of sulfamethoxazole in a BES was determined to include the cracking of S-N
bonds, N-O bonds, and carbon-carbon double bonds (Wang et al., 2016); and oxidized furan derivatives,
open-ring products, and dimers were generated from the bioelectrochemical transformation of furanic and
phenolic compounds via exoelectrogenesis (Zeng et al., 2015). However, targeted screening methods for
metabolite identification require predetermined or suspected metabolic pathways, which may overlook
potential novel pathways, reaction priority, and sequences (Creek et al., 2012). In the targeted method, sec-
ondary analytical approaches are also needed for confident identification, where the purchase, synthesis,
or isolation of pure authentic metabolite standards is required (Creek 2013). The degradation mechanisms
for xenobiotic pollutants are quite complicated in BESs with different operation modes, and the detected
products may not derive from classical pathways, even in well-defined bioelectrochemical processes (Yan
etal., 2019). Therefore, there is still a limitation on the ability to determine pollutant degradation processes
and mechanisms in BESs with traditional target screening methods.

In recent years, pathway identification and mechanism elucidation in bioremediation processes have
progressed, aided by advancements in stable isotope probing (SIP) techniques, such as DNA-SIP
and stable isotope-assisted metabolomics (SIAM). DNA-SIP allows the identities of microorganisms
in environmental samples to be linked with their activities and functions using particular growth sub-
strates that are highly enriched in a stable isotope (e.g., 13C or "®N) (Bernard et al., 2007; Dumont and
Murrell 2005; Zhan et al., 2018). This technique has been used to identify the functional microbes in
the biodegradation of a large number of pollutants, including pharmaceuticals and personal care
products (Badia-Fabregat et al., 2014), phenanthrene (Jones et al., 2011; Li et al., 2017b), bisphenol
A (Sathyamoorthy et al., 2018), triclosan (Lee et al., 2014), and nonylphenol (Zemb et al., 2012). For
bioelectrochemical process, DNA-SIP has also been used to identify the predominant roles of Geo-
bacter sulfurreducens and Hydrogenophaga in acetate consumption and current generation in
microbial fuel cells (Kimura and Okabe 2013). However, few studies have applied DNA-SIP to inves-
tigate the microbial mechanisms of pollutant degradation by EABs. In addition, SIAM can provide
the identification of stable isotopes labeled metabolites on a global scale through comparing to their
nonlabeled pendants according to appropriate experimental protocols (e.g., X'3CMS, geoRge, and
MetExtract Il) (Baran et al., 2010; Bueschl et al., 2017; Capellades et al., 2016; Creek et al., 2012).
Recently, SIAM has been applied to quantitatively unveil a variety of biological processes, such as car-
bon and nitrogen fixation by Synechococcus sp. (Baran et al., 2010), the intracellular metabolic fluxes
of G. sulfurreducens under different electron donors (Yang et al., 2010), and the biotransformation of
polycyclic aromatic hydrocarbons in soil (Tian et al., 2018). Inspired by these studies, the combination
of these stable isotopic tracing techniques is expected to offer an opportunity to elucidate not only
the global pollutant transformation pathways but also key microbial interplay mechanisms between
EAMs and non-EAMs for pollutant degradation in BESs.

Bisphenol S (4-hydroxyphenyl sulfone; BPS) is one of the major substitutes for the replacement of
bisphenol A (BPA) in various applications with endocrine-disrupting effects of concern (Ruth and Louise
2015). BPS exhibits similar structures and environmental behaviors to other bisphenol analogues including
BPA (Chen et al., 2016), and similar removal effect of BPS is expected for BES (Li et al., 2019). However, to
the best of our knowledge, there is a limited report on the removal strategies of BPS in the bio-
electrochemical approach and the unique microbial cooperation mechanisms in EAMs during degradation
of this kind of pollutants. In this study, we expand the application of SIP to elucidate the biodegradation
mechanisms of BPS by acclimated EABs in a three-electrode BES, combining the technologies of DNA-
SIP and SIAM. Our objectives were (1) to investigate the relationship between electricity generation
characteristics and the removal kinetics of BPS in acclimated EABs; (2) to apply SIAM to identify the global
biodegradation pathways for BPS; and (3) to utilize DNA-SIP to characterize the contributions of EAMs and
non-EAMs in biofilms and BES suspensions to BPS degradation. These results might provide novel infor-
mation on microbial behavior in the bioelectrochemical remediation of biorefractory compounds and pro-
mote the better exploitation of appropriate BES strategies.
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Figure 1. BPS degradation by the acclimatized biofilm in BESs

(A) degradation curves under different external voltages.

(B) degradation curves under different sodium acetate concentrations. Other test conditions: BPS 2 mg/L, ambient
temperature (28 + 2°C), pH = 7.0. Data are represented as mean + SEM.

RESULTS
Bioelectrochemical degradation of BPS in the BESs

Figure S1 shows the changes in the BPS biodegradation ratio in the BES reactors during 9 cycles of
acclimation, at the initial administrated concentration of 2 mg/L. BPS was rather difficult to remove
over the 48 hr after it was initially added to the reactors. After acclimation to BPS, it was found
that the changes in BPS concentration in the BESs were rather obvious, where approximately 78.2%
of the BPS was removed after 48 h of operation. On the other hand, the reactor current density
severely declined and then gradually increased to 4.0 mA/cm?, which indicated that the metabolic ac-
tivity of EAMs inhibited by BPS was recovered and that the reactor microbes became highly efficient
at BPS removal after 9 cycles of operation.

Three different modes of BES reactors were tested for comparison, including a closed-circuit mode,
an open-circuit mode, and an abiotic control. Figure 1A shows the degradation kinetics of 2 mg/L
BPS during 72 h of incubation for the BES groups. Significant changes in BPS concentration were
observed in all closed-circuit groups, with the 72 h degradation ratios for BPS calculated as 55.9%,
91.7%, 94.6%, and 90.4% under anode potentials of 0, 0.2, 0.4, and 0.6 V, respectively. However,
only approximately 15.1% and 24.8% of BPS was removed in the abiotic control and open-circuit
groups after 72 h of operation, respectively. These results indicated that the physical adsorption of
BPS by the BES anode was slight and that the existence of an electric field in the BES reactors could
increase the removal of BPS. In addition, the calculated pseudo-first order rate constants (k) for BPS
at an anode potential of 0 V were significantly lower than those at anode potentials of 0.2, 0.4 and
0.6 V (Table S71; p < 0.05), but no significance was found among the degradation rate constants of
BES reactors at anode potentials of 0.2, 0.4 and 0.6 V (p > 0.05). This phenomenon is in agreement
with previous studies in which EAMs at 0.2 V exhibited higher catalytic activity than those at other
potentials ranging from —0.1 V to +0.6 V (Li et al., 2017a).

To ascertain the role of the acclimatized EAMs in BPS removal in the BESs, the degradation kinetics of BPS
were evaluated under various sodium acetate concentrations (Figure 1B). The BES without sodium acetate
showed a BPS removal of only 68.7%, and this removal increased significantly to 84.6% when 0.5 g/L sodium
acetate was added at the beginning of incubation into the BES as cosubstrate. BPS degradation in the BES
with 2 g/L sodium acetate showed the highest rate constants (Table S1). The results were in accord with
previous studies on the enhanced degradation of aromatic compounds in BESs obtained by supplement-
ing carbon cosubstrates (Fan et al., 2017; Luo et al., 2009). We also found elevated electricity generation
with increasing sodium acetate concentrations in the BESs (Figure S2). Therefore, the acceleration in the
removal of BPS in the BESs can be linked to the presence of the anode in providing an electron transfer
pathway to enhance the metabolic rate of bacteria using acetate as an electron acceptor (Miran et al.,
2018). The permeability of the cell membrane, increasing the absorbance of extracellular substances,
and altering the microbial metabolism of EAMs caused by an electric field might also be the possible
reason for the enhancement of BPS degradation in BESs (Hasany et al., 2016; Saratale et al.,, 2017; Yan
et al., 2019).
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Table 1. Detected metabolites of BPS from the processed feature groups obtained by MetExtract

AMass Tentative Confidence Intensities

Features RT lonization m/z'?’C  m/z'3C  Xn Formula (ppm) idenetification level® CSID (peak area)
Fg1 200 + 143.06884 150.09600 7 C,;H1003 17.5 Triacetylmethane 2 63143 14176.89
Fg2 208 + 111.04402 117.04654 6 CgHsO2 35.0 Dihydroxybenzene 2 13837760 25479.99
Fg3 219 - 165.02900 173.05578 8 CgHgO4 34.8 Terephthalic acid 2 7208 18748.60
Fg4 2.21 + 123.07332 131.09021 8 CgH100 —26.0 Phenylethyl alcohol 3 5830 16239.42
Fg5 228 - 188.99243 194.99495 6 CgHsOsS 11.6 Dihydroxy 3 164229 45024.94

benzenesulfonic

acid
Fgbé 2.95 + 137.05917 145.08602 8 CgHgO» 24.7 Methylbenzoate 3 6883 13064.11
Fg7 14.98 - 249.02292 261.06318 12 CioHig0.S 187 BPS 1 6374 935016.75
Fg8 15.23 + 183.08249 195.12288 12 Cy3H400 32.6 2-fluorene 3 68072 10786.83
Fg9 17.29 + 301.10167 313.14183 12 CigHxS»  —7.7 2,2-dibenzyl- 2 530757  17060.69

1,3-dithiane

2Confidence levels for metabolite identification were assigned according to the criteria established by Schymanski et al. Level 2: tentative candidates (com-
pounds identified by molecular formula and substructures), based on accurate mass, MS/MS pattern, and database search. Level 3: unequivocal molecular for-
mula based on accurate mass, but no other supporting data.

Metabolites and novel pathway of BPS biodegradation as revealed by SIAM

To unequivocally demonstrate the degradation mechanisms of BPS in BESs, we employed an untargeted
SIAM study, wherein a 1:1 ratio of 12C- and '3C4,-BPS was used as substrate with sodium acetate. A total of
13 feature groups were detected in full-scan chromatograms of samples using MetExtract (Figures 2 and
S3-S5). The nonlabeled and the corresponding isotopically labeled metabolites were matched to the
ion pairs, and the different feature pairs originating from the same transformed products (TPs) were con-
voluted into one feature group. All the corresponding feature groups for the detected TPs showed divisible
mass differences from 2 to 12 times the mass of a neutron (1.0033 Da), indicating the presence of 2-12
isotopic carbon atoms in the features (Table 1). For all the detected TPs, their tentative structures were as-
signed based on the exact mass, MS/MS fragmentation patterns and deduced number of labeled carbons,
which were processed with the Compound Discovery platform and searched in the Chemspider database
(Table 1, Figure S3 and S4). The identity of BPS (Fg 7) was confirmed by measurements of the 2C-BPS stan-
dard (Level 1 certainty, Schymanski et al. (2014)). Among these detected TPs, 7 formulas (Fg 1,2, 3,7, and 9)
were qualified with both the exact mass and MS/MS fragmentation patterns (Level 2 certainty with diag-
nostic evidence). However, the other 5 TPs (Fg 4, 5, 6, and 8) could only be tentatively identified with MS
data, but the MS/MS data were insufficient to confirm their structures (Level 3 certainty) (Figure S6).

Accordingly, except for BPS, three major groups of TPs were detected in the BES suspension, and the
specific degradation pathway of BPS was tentatively proposed as shown in Figure 3. In the first group,
we detected two formulas (Fg 2, dihydroxybenzene, C,H,O5; and Fg 5, dihydroxybenzene sulfonic acid,
C¢HsOsS) originating from the hydroxylated hydrolysis products, which all contained 6 labeled carboxyl
groups. The two TPs from the first and second groups (i.e., Fg 2 and Fg 5) were also exhibited relatively
higher peak intensities than those of other detected TPs. Previous studies on advanced oxidative degrada-
tion of BPS also reported the formation of these two TPs (Kovacic et al., 2019; Luo et al., 2019). This result
suggested the hydrolysis and oxidation processes were the initial and key transformation pathways for bio-
electrochemical degradation of BPS. The second groups of the features (Fg 1, 3, 4, and 6) were formed
through the pathways of alkyl substitution, rearrangement and oxidation from the hydrolysis TPs. All of
the carbon skeletons in each of these compounds were labeled with '*C. Fg 1 and Fg 3 were identified
using their MS/MS fragmentation patterns as triacetyl methane and terephthalic acid, respectively, and
the other accumulated TPs (Fg 4 and Fg 6) were hypothesized to be phenylethyl alcohol and methylben-
zoate, respectively, according to their exact mass. Therefore, we propose that further oxidation, alkylation,
and aromatic ring-cleavage reactions occurred as the next degradation pathways for BPS.

For the third group of TPs, the two features both had twelve labeled carbons in their 3¢ paired ions,
which means that unlabeled carbons occurred in their structure. The two TPs (Fg 8 and Fg 9) were assigned

4 iScience 24, 102014, January 22, 2021



iScience ¢? CellPress
OPEN ACCESS

500+ all the detected metabolites
— 12C m/z of the detected feature pairs
4004 — 13C m/z of the detected feature pairs
N 300 Fg9 —.
€ Fg7=—=
200 e bl
ngnga Fg8=—
PRS-
1004  Fg2=xX 9
Fg4
0 T T T T T T T T

O 2 4 & 8 10 12 14 16 18 20
Retention time (min)

Figure 2. Comparison visualization of the extracted native (2C; red line) and labeled ('3C; blue line) feature
groups
The metabolites shown in gray are unmatched ions.

to 2-fluorenol and 2,2-dibenzyl-1,3-dithiane, respectively. It was indicated that carbon-carbon (C-C), car-
bon-oxygen (C-O) or multivalent couplings occurred in the formation of these resultant dimers from
hydrolysis products of BPS by constant transfer of electrons (Wang et al., 2017; Zeng et al., 2015). The re-
sults indicated that '*C-labeled byproducts (i.e., CH;OH, CHsCHO, HCHO, C,HsOH, etc.) from the first and
second degradation pathways can be reprocessed by EAMs to reconstitute low-isotopic-ratio products.

The formation of the low-isotopic-ratio products (i.e., the third group) indicated that monomeric product
coupling and carboxyl coupling as the further BPS degradation pathways, which reflects the complexity of
the degradation process for BPS in BES. For the TPs from the third degradation pathways, considering that
no previous research has described these complex degradation processes in BES, the structural formula
and possible compounds can only be roughly inferred according to the exact mass number of ions. The
best explanation for most of these detected TPs is anabolic and catabolic processes in microbial meta-
bolism. The oxidative products of BPS from the first and second groups had a variety of hydroxyl, aldehyde,
ketone, sulfate or carboxyl groups, which might contribute to cross-linking reactions with various '2C
organic substrates. A previous study observed that several hydroxylated PAH metabolites were able to un-
dergo coupling reactions with compounds in natural organic matter through ether, C-C, or multivalent
bonds during microbial degradation (Kastner et al., 1999). In addition, coupling reactions can be enhanced
by chemoautotrophic EAMs when taking up electrons from the electrode to transform substrates into
products containing more carbon (Pellis et al., 2018; Rabaey and Rozendal 2010; Srikanth et al., 2018).
Accordingly, it is possible for EAMs to utilize directly degraded metabolites to form low-isotopic-ratio
TPs; the environmental safety of these compounds is also currently unknown and needs to be further
investigated.

Identification of microorganisms assimilating '*C-BPS in BES

After ultracentrifugation of the DNA extracted from the "*C-BPS assimilated biofilm and BES suspension,
the “light” and “heavy" fractions were selected according to the total DNA concentrations across the isoto-
pically fractionated gradients (Figure S7). The DNA concentration curves for gradient fractions from the
'2C-BPS assimilated biofilm and BES suspension both indicated a single peak in the mass range of 1.72—
1.74 g/mL. Asimilar trend was also found in the DNA curve for the 13C-BPS assimilated suspension, whereas
in the "3C-BPS assimilated biofilm, a second higher peak for DNA concentration was present at a buoyant
density of 1.75-1.77 g/mL. This result implies that some microbes that assimilated 'C atoms derived from
13C-BPS were successfully isolated by ultracentrifugation, which made their appearance in the “heavy”
DNA fraction.

Accordingly, the “light” ("C-L and "3C-L) and “heavy” (*’C-H and '3C-H) fractions of 165 rRNA were
selected to be phylogenetically characterized by high-throughput Illumina sequencing, along with the non-
centrifuged biofilm and suspension samples from the initial (Ini.) and acclimated (Accli.) BES (Figure 4A).
Proteobacteria were the preponderant phylum in the noncentrifuged biofilm and suspension, accounting
for greater than 47.3% of bacterial reads, and the genus Geobacter comprised between 12.7% and 60.4% of
the bacterial reads in these biofilm samples (Figures 4A and S8). For the "> C-BPS SIP experiment, significant
shifts in community composition were observed between the “heavy” and “light” DNA fractions of the
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Figure 3. Proposed degradation pathway for BPS based on detected metabolites

Note that substituent positions are either inferred from known mass spectra or hypothesized. Transformation products
(TPs) that have been validated by fragment mass spectrometry are labeled in red. The number of '3C for each TP is
indicated in brackets after its name. Pathways with solid arrows are predicted based on identified labeled metabolites in
the current study and literature, and dotted arrows denote unknown pathways. Bold arrows represent higher flux and thin
arrows represent stable isotope flux.

biofilm (p < 0.05). The relative abundances of Bacteroides and Cetobacterium in the “13CH” pooled sam-
ples were significantly higher than those measured in the “"3C-L"” and “'>C-H" samples collected for SIP
experiments or the noncentrifuged biofilm. However, there was no significant difference in the community
composition of “"*C-L" and “"*C-H" from the BES suspension.

In addition, we assessed the relative abundances of the important microbes in each fraction from the bio-
film and suspension of the SIP experiment (Figure 5). The results indicated that Geobacter, Pseudomonas,
Desulfovibrio, and Petrimonas were not significantly enriched in the “heavy” BD fraction (>1.748 g/mL) in
the "3C-BPS biofilm and suspension samples compared with those in the '2C-BPS samples. Geobacter can
generate current using acetate as an electron donor (Yang et al., 2012); Petrimonas was also reported in
previous studies to be a degradator of protein and carbohydrates in BESs (Kang et al., 2014); Desulfovibrio
is associated with sulfate removal in BESs (Zheng et al., 2014); and Pseudomonas plays a key role in electron
transfer media for nitrate and nitrite reduction (Zhang et al., 2014). Although these microbes are typical
exoelectrogenic microbes in electrode biofilms (Lovley 2011), the present results suggested that these
EAMs were not potential degradators of BPS in the BES.

Compared to the relative abundances of Bacteroides and Cetobacterium in the same fractions of the '2C-
BPS biofilm sample (0.82%, 0.45%, and 0.02%, respectively), the abundances in the heavy fractions from the
3C-BPS biofilm sample were higher (35.4%, 10.0%, and 25.4%, respectively). Bacteria belonging to the
genus Bacteroides were frequently detected in anodic biofilm (Call et al., 2009; Rismani-Yazdi et al.,
2013; Zakaria and Dhar 2020), which also been suggested to have an important role in electricity generation
in BES (Ha et al., 2012; Shehab et al., 2017). Bacteroides have also been previously identified as degradators
of BPA or other aromatic hydrocarbon degradation (Comte et al., 2006; Yang et al., 2019). Cetobacterium
most frequently occurs as gut microbes (Sheng et al., 2010) and sludge microbes (Song et al., 2015a; Tian
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Figure 4. Phylogenetic tree and network associations in the BES biofilm and suspension

(A) Phylogenetic tree of bacterial 16S rRNA genes showing detected genera (left plot) and their relative abundance (right
bubble plot) in (i) biomass collected from the light (L) and heavy (H) fractions from the '2C and '3C experiment and (i) the
initial (Ini.) and the acclimatized (Accli.) anode biofilm and suspension.

(B) the visualization of the bacterial network associations in the biofilm and suspension based on RMT analysis of OTU
profiles.

et al., 2020), which were previously found to be involved in the consumption of alcohols (Bhute et al., 2020),
fatty acids, and protein (Hao et al., 2017). Recent studies also found the existence of Cetobacterium in
sludge and landfill sites (Song et al., 2015a; Tian et al., 2020) and their abilities in degradation of surfactants
(Motteran et al. 2016, 2020), dye (Ji et al., 2020), and several aromatic compounds (Tian et al., 2020). The
enhanced contributions of the electrode biofilms to BPS degradation in the BESs were likely derived
from these microbes. Similar to the total DNA concentrations, Bacteroides and Cetobacterium were not
enriched in the “heavy” BD fraction of the '3C-BPS suspension, which confirmed the validity of our criteria
for high-sensitivity SIP. Accordingly, these results suggested that the non-EAMs in EABs, rather than bac-
teria in the BES suspension, play key roles in the degradation of BPS, and Bacteroides and Cetobacterium
may be preferentially involved in the degradation and assimilation of BPS and its metabolites.

Microbial interactions during bioelectrochemical degradation of BPS

After identification of the BPS-assimilating microbes, we constructed phylogenetic molecular ecological
networks to determine the interspecies interaction between the typical EAMs and BPS-assimilating
microbes in the BES biofilm and suspension (Figure 4B). As shown in Table S2, networks with 227 and
110 nodes were constructed from the biofilm and suspension samples, respectively, and the generated
random networks showed significance of the network indices between the biofilm and suspension samples.
Specifically, the values of density, average clustering coefficient, and transitivity in the suspension were
statistically higher than those in the biofilm samples (p < 0.01), whereas the values of modularity, connect-
edness, and harmonic geodesic distance were significantly higher in the biofilm (p < 0.01). As expected,
these phenomena suggest that the co-occurrence patterns of the bacterial communities in the biofilm
and suspension were quite different, and the bacterial molecular ecological network in the biofilm was
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Figure 5. Relative abundance of representative bacterial genera across the entire buoyant density gradient of
DNA fractions from the "2C- and "3C-BPS acclimatized biofilm and suspension

more complicated, intense, and centralized than that in the suspension. This community similarity was
confirmed by the lower Shannon index for the biofilm than for the BES suspension (Table S3). The tighter
microbial network interaction in the biofilms is also in accordance with the observation of higher "*C accu-
mulation in BES biofilms. Therefore, electron transfer between EABs and the electrode not only simulta-
neously enriched electrochemical bacteria and specific degradation bacteria but also enhanced their inter-
action as consortia.

According to the topographical roles of each node in the network (Figure S9), two nodes in the biofilm
(OTU_2955, Geobacter; OTU_426, Bacteroides) were identified as keystone species in the bacterial
network. Principal coordinates analysis (PCoA) using the weighted UniFrac approach was conducted to
illustrate the difference of bacterial communities from BPS-acclimated biofilm and suspension (Fig-
ure ST10A). Results from partial least squares discriminant analysis based cluster analysis (Figures S10B
and S10C) well agreed with the PCoA analysis, where the bacterial genus such as Geobacter was identified
to be the most dominant contributors to the separation based on their variable importance in projection
values. These results suggested that electron transfer processes made EAMs (i.e., Geobacter) pivotal in the
BPS-acclimated biofilm consortium, which resulted in the efficient and robust degradation of BPS via spe-
cific microbial metabolic interactions between EAMs and the (i.e., Bacteroides and Cetobacterium).

DISCUSSION

The present study first investigated the accelerated degradation of a novel bisphenol analog (i.e., BPS) in a
BES using combined stable isotope-assisted approaches, which can provide a clear clue to the accelerated
degradation mechanism of BPS. We identified that the genera Bacteroides and Cetobacterium accounted
for the majority in assimilating BPS, and found that these assimilators were colonized in the biofilm but not
suspended in the BES. Cetobacterium was not been reported as important components in the anodic bio-
film from BES, but Bacteroides were identified as a fermentative bacterium which can produce the simple
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organic acids from a wide range of substrates (i.e., glucose, acetate, cellulose, lactate, etc) to be utilized by
EAMs (Jia et al., 2013; Wei et al., 2019). In a recent investigation of microbial communities from anodic
biofilm via DNA-SIP (Song et al., 2015b), Bacteroides were not found to be involved in uptake 3C-labeled
sodium acetate, while Geobacter, Rhodocyclaceae, and Pseudomonas were the main contributors in the
assimilation of acetate to conduct extracellular electron transfer in BES. Kimura and Okabe (2013) also
confirmed the predominance of Geobacter sp. as acetoclastic exoelectrogens in BES. The direct interspe-
cies electron transfer (DIET) may be associated with the processes of Geobacter and other EAMs in utilizing
acetate to conducted electricity (Cheng and Call 2016). Considering the existence of Pseudomonas in
biofilm and suspension, phenazines produced by Pseudomonas can also transfer the electrons from the
oxidation of acetate to the anode (Pham et al., 2008; Rabaey et al., 2005), as revealed by the cyclic voltam-
metry result (Figure S11). This indirect electron transfer mechanism can promote redox interactions for the
microbial community and increase the performance of anode biofilms (Cheng and Call 2016). It can be sug-
gested that acetate, rather than BPS, served as an electron donor for electricity generation by EAMs during
BPS degradation in this study.

To date, this is the first study investigating the network among microbes with different functions in the bio-
electrochemical degradation of pollutants, which can provide information on what microbes are physically
and/or functionally associated in a microbial community (Zhou et al., 2011). EAMs cannot directly degrade
contaminants but utilize their metabolites (Borole et al., 2011; Cheng and Call 2016), which refers to the
metabolites mediated interspecies electron transfer (MIET). Considering acetate and other low-molecular
byproducts can also be transformed from BPS (Figure 3), the removal of these simple organic products such
as acetate by EAMs and other synergistic microbes theoretically reduces potential feedback inhibition ef-
fects (Kiely et al., 2011), thereby accelerate the biodegradation of BPS. These presumptions can also
explain the intense microbial networks between EAMs and the non-EAMs (including BPS assimilators)
that observed in biofilms. Therefore, this MIET-based syntrophic interaction and the DIET-based electro-
chemical interaction collectively established the redox equilibrium in bioelectrochemically enhanced
degradation of BPS.

Moreover, SIAM was used to identify hydrolysis and oxidation processes as the initial and key transformation path-
ways for bioelectrochemical degradation; followed by the hydroxylation of one or two phenolic rings, aromatic
ring cleavage, or alkylation in the formation of highly (but not fully) isotopic products. These isotopic-validated
pathways were similar to those in aerobic degradation of BPS in sludge and sediment (Choi and Lee 2017; Huang
etal., 2019; Kovacicetal., 2021; Ogata et al., 2013), including hydrolysis, methylation, cleavage and the coupling of
smaller bisphenol moieties. A recent study on other BP analogs degradation by bacteria also reported for the
common biodegradation pathways (Noszczyriska and Piotrowska-Seget 2018). Previous studies also confirmed
the possibility of dihydroxybenzene transformation to benzoquinone, diene acid, benzoic acid, and aromatic
ring-cleavage products by EAMs (Milligan and Haggblom 1998; Su et al., 2019; Uchimiya and Stone 2006;
Zhou et al., 2020). Hence, we can propose that the driving reaction with anode as electron acceptor can produce
degradation pathways similar to those under aerobic reaction.

In the conventionally anaerobic condition, the biodegradation of organic compounds was highly depen-
dent upon the presence of electron acceptors or electron donors (Berry et al., 1987). Previous studies
indicated that the degradation pathways of recalcitrant substances in BES may be directly dependent
on degradation of the anode or cathode, which has been illustrated to be used as a sole electron acceptor
or donor in BES (Huang et al., 2011; Logan 2009; Strycharz et al., 2010). Sun et al. (2019) proposed that the
deoxidation of sulfone (lost oxygen atoms) and the following C-S bond cleavage were the two common
transformation pathways for BPS under anaerobic conditions and in BES cathode, which was quite different
from the present study. It can be explained by the cathodic degradation of BPS in their study caused by the
application of negative anodic potential. The influence of the applied potential on the degradation path-
ways of recalcitrant substances has also been investigated by several studies (Feng et al., 2017; Strycharz
et al. 2008, 2010). Therefore, we speculate that the BPS degradation pathways in BES were stable under
different positive potentials in the present study (from 0.2V to 0.4V).

SIP techniques offer an excellent opportunity to identify new unexpected degradation pathways and reveal hid-
den metabolic mechanisms. This work illustrates the potential of using SIP techniques to study the
bioelectrochemical degradation mechanisms of pollutants, which strengthens the promise of integrating two
stable isotopic approaches in BES platforms. The proposed unique microbial cooperation mechanism in
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electroactive biofilm provides new insights into the enhanced degradation mechanisms in BES for several other
structure-similar pollutants. This research can also beneficially inform the design of EAB structures and the devel-
opment of specific engineered assimilators for BESs in future wastewater treatment applications.

Limitations of the study

However, this study only tracked the short-term process from BPS to primary degradation products in BES
using stable isotope. Future work covering long-term investigation on the stable isotope dynamics during
entire contaminant assimilation process (from BPS to inorganic carbon) is needed to disclose more detailed
and reliable fundamental information related to metabolic and redox interactions in BESs for pollutants
remediation.
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Transparent Methods
Chemicals and reagents

Standards of BPS (4,4>-sulfonylbisphenol; CAS: 260408-02-4) and *3C,-BPS
(4,4’-sulfonylbisphenol-*3C;,) with isotopic purity > 99 % were purchased from Toronto Research
Chemicals (Toronto, Canada). All solvents (HPLC grade) were purchased from Sigma-Aldrich (St.
Louis, USA), and other used analytical-grade chemicals were purchased from Aladdin Industrial
Corporation (Shanghai, China). Pure water (18.2 MQ) was prepared using a Millipore Milli-Q
system (Bedford, USA).
BES setup, operation and bioelectrode acclimation

Conventional three-electrode single chamber BES reactors were used for the degradation of
BPS. Graphite plates (1.0 < 2.0 cm) and a titanium wire were used as the working and counter
electrodes, respectively, and a saturated calomel electrode (SCE) was used as the reference
electrode; the reactors were assembled into 100 mL cylindrical glass containers with a
polytetrafluoroethylene lid. The effluent from a previously established well-operating BES was
used as the inoculum (Yuan et al. 2011), and the reactors were operated at a potential of 0.2 V vs
SCE at the working electrode in duplicate at 30 <C. A multichannel potentiostat (CHI 1000C, CH
Instrument, Shanghai, China) was used to record the current generation of the BESs. The culture
medium contained NaAc (1 g/L), NaH,PO,4 2H,0 (2.84 g/L), Na,HPO, 12H,0 (11.4 g/L), NH,CI
(0.31 g/L), KCI (0.13 g/L), vitamin solution (10 mL/L), and mineral solution (10 mL/L) (pH =
6.8), and the medium was changed every 48 h. After one month of culture, a mixed culture
medium containing 2 mg/L BPS was injected into the reactors. Nine cycles later, we observed that
BPS could be rapidly removed from the BES, which suggested that the EABs achieved a stable
stage in accelerated degradation of BPS (Figure S1).
Degradation kinetics experiment and quantitation of BPS

Three acclimatized reactors were randomly selected and operated under batch mode to
elucidate the effects of an external carbon supply (0-2 g NaAc) and varying anode potentials
(0-0.6 V) on BPS degradation, while another three reactor electrodes were autoclaved and set as
abiotic controls (AC). At specified incubation times, aqueous samples were collected and

extracted using 1:1 v/v methanol, passed through a 0.22 mm filter (GHP Acrodisc; PALL,
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Dreieich, Germany), and immediately stored at -20 <C until analysis.

The concentrations of the BPS samples from the batch processes were determined using
high-performance liquid chromatography (HPLC) with a UV detector (Essentia LC-16; Shimadzu,
Osaka, Japan), following the methods from Sun et al. (2014) and Yang et al. (2019). The
analytical column was a WondaSil C18 column (4.6 mm > 150 mm, 4 pum particle diameter), and
a UV wavelength of 276 nm was used. The mobile phase consisted of 65:35 (v/v) ultrapure water
and methanol at a flow rate of 1 mL/min. The BPS peak retention time was 2.5 min, the HPLC
method limit of quantitation (MLOQ) was 0.028 mg/L, and showed fully quantitative recovery
ranged from 92% to 103%.

Stable isotope-assisted metabolomics (SIAM) experiment

Prior to the SIAM batch experiment, culture medium containing BPS (1 mg/L) and
3¢C,,-BPS (1.024 mg/L) was transferred into the acclimatized reactors for more than three cycles
to thoroughly minimize the adsorbed fraction of 2C-BPS in the biofilm. All reactors contained a
mixture of 50 % nonlabeled BPS and 50 % 13C12-BPS as a stable isotope carbon source. Other
incubation conditions were as described previously. After 48 h of incubation, aqueous samples
were collected and extracted following to previous method (Baran et al. 2010, Doppler et al. 2016,
Yuan et al. 2018). In brief, 2 mL of the culture medium was resuspended in 2 mL of
methanol/acetonitrile mixtures (1:1 v/v) and sonicated for 1 min, the suspension was centrifuged
at 2,000 g for 10 min and passed through a 0.22 mm filter (GHP Acrodisc; PALL, Dreieich,
Germany), and the supernatant was immediately stored at -80 <C for future analysis.

Samples were analyzed using ultra-performance liquid chromatography Q-Exactive
Orbitrap mass spectrometry (UPLC-g-Orbitrap MS, Thermo Fisher Scientific, CA, USA). MS?
scan mode with electrospray ionization (ESI) was used for SIAM analysis, and product ion
scanning (MS/MS) was applied to elucidate the putative structures of metabolites. Raw data from
g-Orbitrap-MS were converted into mzXML format by MSConvert (Proteowizard, version
3.0.9987). Peak detection, alignment, deconvolution and isotope group picking were achieved
using “All Extract” from MetExtract II software (Bueschl et al. 2017). The software automatically
convoluted the coeluting *C and **C-labeled metabolite ions into feature groups, where each

group represented a unique metabolite. The confirmation of the products was based on the
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following criteria: (a) the isotopologue metabolites (M) and their **C counterparts (M) must be
present in the same MS scan; (b) the D-values of the molecular weight (AMW) differences derived
from isotopologue metabolites (M) and their *C counterparts (M) must be divisible by 1.0034u
(£ 0.0005); (c) the intensity ratio of M’/M is theoretically 1:1; and (d) M’ and M pairs cannot be
found in the abiotic control group (Bueschl et al. 2017). Final annotation and molecular formula
assignment were achieved in ChemSpider by Compound Discoverer 2.0 (Thermo Scientific), and

the MS/MS fragments were compared in the m/z Cloud database.

13C—DNA stable isotope probing (DNA-SIP) experiment and high-throughput
sequencing

Aqgueous suspensions from the acclimatized BES reactors at the time of > 90 % removal of
BPS were sampled and inoculated into new reactors with culture medium only containing 2 mg/L
3¢ 1,-BPS. Considering that the majority of BPS was degraded by the microbes during the first 24
h (Figure 1-A), the incubation period for DNA-SIP batch experiments was set as 24 h, and the
culture medium was completely replaced for each cycle to avoid cross-feeding. After 5 cycles of
batch incubation, mature biofilms in the anode were achieved, and the biofilm and reactor
suspension were sampled for the detection of *C-labeled microbes. Biofilm and reactor
suspension samples amended with unlabeled BPS were also sacrificed for DNA extraction.
The microbial DNA was extracted from the biofilms and suspensions using the EZNA™
Mag-Bind Soil DNA Kit according to the instructions (OMEGA, GA, USA). After quantification,
5 pg of the extracted DNA from each treatment was subjected to stable isotope probing
fractionation, according to Song et al. (2016) and Li et al. (2017). DNA was separated by
ultracentrifugation at 178,000 g for 48 h at 20 °C using a CsCl solution with a final buoyant
density (BD) of ~1.77 g/mL. Centrifuged gradients were fractionated from bottom to top into 10
equal fractions. The BD value for each fraction was measured, and the purified DNA was
quantified using an ND-2000 ultraviolet-visible spectrophotometer (Nano Drop Technologies,
Wilmington, DE, USA). For 16S rRNA gene amplicon sequencing, the V3-V4 region was
amplified with the primers 341F and 805R, and the purified amplicons were analyzed on an
lllumina MiSeq platform (Illumina, San Diego, USA) by Oebiotech Co. Ltd. (Shanghai, China).

Raw data were uploaded as fastq files to Sequence Read Archive (SRA) under accession

4
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number PRINA686243. After screening, the sequence data for each operational taxonomic unit
(OTU) were assigned using Usearch v5.2.236 with 97 % sequence identity. OTU data was
analyzed using both an unsupervised principal coordinate analysis (PCoA) and a supervised
partial least squares discriminant analysis (PLS-DA) to compare the beta-diversity between
samples. Thirty-one OTU sequences with high average abundance in the biofilm and suspension
samples have been deposited in the GenBank database under accession numbers
MW287162-MW287192.

Molecular ecological network analysis

To understand the interactions among different microbial communities in the acclimated
BESs during BPS degradation, a random matrix theory (RMT)-based approach was used to
discern the changes in phylogenetic molecular ecological networks (PMENS) in the **C-BPS
assimilated biofilm and suspension without fractionation based on community sequence data
(Deng et al. 2012, Ling et al. 2016).

Phylogenetic molecular ecological networks (PMENS) offer a robust statistical means of
analyzing networks as they provide solutions for common issues encountered in the use of
high-throughput metagenomic data, including noise reduction and automatic network definition
(Cao et al. 2011, Fernando et al. 2020). The following steps were used for the ecological network
construction using MENAP (http://129.15.40.240/mena/): 1) A relative abundance (RA) matrix
and an OTU annotation file were prepared as per the pipeline guidelines; 2) The RA matrix was
submitted for network construction. A cut-off value (similarity threshold, st) for the similarity
matrix was automatically generated using default settings; 3) Calculations of “global network
properties”, “individual nodes' centrality”, and “module separation and modularity” were
performed; 4) The “output for Cytoscape visualization” procedure was performed in
“greedy modularity optimization mode”. The network graphs were visualized by Gephi software
(Zhan et al. 2018); 5) The “randomize the network structure and then calculate network”
procedure was performed to calculate random network properties while maintaining the same
number of nodes and links as the empirical networks and using the Maslov-Sneppen procedure
(Wagner et al. 2009, Yan et al. 2018).

Statistical analysis
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All data presented in this study are the mean =+ standard deviation (SD) values of three
replicates. Statistical analysis was carried out by Origin 8.0 (Origin Lab Corporation). One-way
ANOVA was used to evaluate significant differences among treatment groups. A p-value of 0.05

was considered the cutoff for statistical significance.



188  Table S1 Rate constants k of BPS degradation in the BES various sodium acetate concentrations
189  and various anode potentials. Related to Figure 1.

Treatment Anode NaAc k R? 72 h BPS
potential concentrations  (min) removal
V) (9/L) (%)
Abiotic control - 1 -0.010 +0.008 0.91 15.1
Open-circle BES - 1 0.009 +0.004 0.99 25.8
Close-circle BES 0 1 0.037 +£0.003 0.99 55.9
Under various anode
) 0.2 1 0.061 +0.003 1.00 91.7
potentials
0.4 1 0.039 +0.009 0.99 94.6
0.6 1 0.056 +0.012 0.94 90.4
Close-circle BES 0.2 0 0.027 +0.003 0.99 68.7
Under various NaAc
) 0.2 0.5 0.033 +0.002 1.00 84.6
concentrations
0.2 1 0.061 +0.003 1.00 91.7
0.2 2 0.069 +0.016 0.98 89.8
190
191
192
193
194
195
196
197
198
199
200
201
202



Table S2. Topological properties of the empirical molecular ecological networks (MENSs) of microbial communities and their associated random MENSs. Related to

Figure 4.
Experimental networks Random networks
5 Average Average Average . Average
R® of . . . Modularity Average . .
Treatments No of Total Total Connecti geodesic clustering . clustering . Transitivity Connectedness ]
] power ) ] o (No of geodesic o Density (D) Modularity
OTUs nodes links vity distance coefficient ] coefficient (Trans) (Con)
law modules) distance (GD)
(avgK) (GD) (avgCC) (avgCC)

Biofilm 468 227 451 0.870 3.974 4.396 0.272 0.723(20) 3.59840.046 0.037#0.009 0.02020.000 0.050%0.007 0.93440.032 0.461+0.008
Suspension 473 110 332 0.755 6.036  3.909 0.356 0.612(24) 3.44420.041 0.04320.007 0.022#0.000 0.06340.006 0.924#0.031 0.41620.007




Table S3. Different microbial diversity indices of the different treatments. Related to Figure 4.

Samples Reads OTUs Chaol Coverage Shannon  Simpson
Ini. biofilm 35312 9202 983.7096 0.986 4.33 0.903
Ini. suspension 34805 9202 650.3161 0.990 4.26 0.886
Accli. biofilm 38989 9202 695.4932 0.990 2.73 0.618
Accli. suspension 35410 9202 802.4755 0.988 4.29 0.900




Figure S1. Performance of BES during initial 9 cycles of acclimation with BPS as substrate.

(A) Current density in BES;

(B) 48 h degradation ratios in the BES.

Test conditions: sodium acetate 1.0 g/L, BPS 2 mg/L, external voltage 0.2 V, ambient temperature
(28 £2 °C), pH=7.0. Related to Figure 1.

(A) (B)

&g 5 - 1004

S 4 4 7]

< S I = -

E © 75 _

=37 = -

g 2 % 501

o 8 =

g 14 P 251

E o

O 0+ & I
T T T T T T T T T 1 M~ 0 7 T T T T T T T
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Acclimation Cycles Acclimation Cycles

10



Figure S2. Current density in the BES during BPS degradation under various conditions.
(A) Current density under various NaAc concentrations;

(B) Current density under various anode potentials.
Test conditions: BPS 2 mg/L, ambient temperature (28 £2 °C), pH=7.0. Related to Figure 1.
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Figure S3. Chromatograms and MS spectra for the extracted native and **C labeled precursor ions
of the analyzed feature groups (Fg1-3). Related to Figure 2.
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Figure S4. Chromatograms and MS spectra for the extracted native and **C labeled precursor ions
of the analyzed feature groups (Fg4-6). Related to Figure 2.
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Figure S5. Chromatograms and MS spectra for the extracted native and **C labeled precursor ions
of the analyzed feature groups (Fg7-9). Related to Figure 2.
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A: Triacetylmethane;
2,2-dibenzyl-1,3-dithiane. Related to Figure 3.

Figure S6. Fragmentation of chemically labeled products.

B: Dihydroxybenzene;

C: Terephthalic acid; D: BPS;
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Figure S7. Correlation between DNA concentration (pg/mL) and buoyant density (g/mL) of the
DNA fractions from the **C- and *C-BPS acclimatized biofilm and suspension. Related to Figure
5.
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Figure S8. Relative abundances of different bacteria phylum and clas in the initial (Ini.) and
acclimated (Accli.) anode biofilm and suspension and the light and heavy fractions from the **C

and *C experiment. Related to Figure 4.
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Figure S9. Zi-Pi plots showing the topological distribution of OTUs in the biofilm and suspension
bacterial networks.
The keystone species (module hubs and connectors) are marked by OTU number and taxonomy.
Related to Figure 4.
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Figure S10. Results of statistical analysis illustrating similarity of bacterial communities from
BPS acclimated biofilm and suspension.
(A) principal coordinates analysis (PCoA) (with the sample for their corresponding *C heavy

fraction);
(B) partial least squares discriminant analysis (PLS-DA) for clustering bacteria communities from

BPS acclimated biofilm and suspension;
(C) loading plot of top 15 contributors to differences in the bacteria communities between biofilm

and suspension that were identified using partial least-squares discriminant analysis (PLS-DA).
Related to Figure 4.
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Figure S11. Cyclic voltammetry (CV) recorded of the suspending based BES.
Test conditions: a scan rate of 10 mV/s, a clean graphite without biofilm assembled as the BES
anode. Related to Figure 1.
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